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Abstract
This thesis presents an investigation into the relationship between large-scale struc-
ture environment and Active Galactic Nuclei (AGN) activity at high redshift. To accom-
plish this, the environments of AGN are studied from two complementary perspectives.
Firstly, various observations of a specific large-scale structure at z = 2.3 are used to as-
sess the level of AGN activity in relation to the field. The main result of this study is that
both the emission-line and X-ray selected AGN populations are significantly enhanced;
X-ray detected Lyman Alpha Emitters (LAEs), however, are not found to be significantly
enhanced.
The host galaxy properties of z ∼ 1 X-ray sources are then derived and studied
in detail. Confirming previous results, X-ray sources are found in optically luminous
(MB . −20.5 mag), massive (log(M∗/ M⊙) ≥ 10.5) red and blue hosts. A larger fraction of
red/green hosts harbour obscured (log(NH) ≥ 22) AGN than blue, with the most obscured
sources (log(NH) ≥ 23.5) also being more frequently found in red/green host galaxies
than blue.
The second approach used the 3rd-nearest neighbour measure to study the environ-
ment of X-ray hosts at z ∼ 1, accounting for their optical colour, luminosity and stellar
mass. A main new and important result is that X-ray hosts are found in regions of en-
hanced density compared to optical galaxies of equivalent mass, which is not due to the
observed colour-density relation at z ∼ 1. The enhancement is found to be most significant
at the reddest colours, brightest luminosities, and highest stellar masses.
The results from this thesis show that the dense environments probed in this work
generally promote AGN activity. This is probably not due to major mergers, but could be
due to an increased probability of minor mergers/interactions and/or milder environmental
processes triggering nuclear activity. Alternatively, perhaps there is some other galaxy
property (e.g., residing in higher mass haloes) which is conducive to AGN activity.
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Chapter 1
Introduction
Overview
The impact of local environment on galaxy formation and evolution has long been the sub-
ject of much interest and study. Since the connection was made between dense environ-
ments and the suppression of star-formation, many investigations into how the observed
properties of galaxies relate to their environment have been conducted, both locally and
at high redshift. With the relatively recent discovery of a relationship between the mass
of supermassive black holes and that of the spheroid of the host galaxy, studying how
the incidence of Active Galactic Nuclei (AGN) activity relates to environment (and the
properties of the host galaxy) can provide important information regarding the origin of
this connection, and clues to the processes which trigger the activity itself.
In this chapter, a review of the literature relevant to the work in this thesis is pre-
sented. The properties of galaxies are first discussed, followed by how these relate to the
local environment in which a galaxy resides. Past work on the environment of AGN is
then reviewed, including how the local environment could promote the triggering of AGN
activity and whether observations support this. Finally, a review of studies of the AGN
populations in the cluster and group environment follows.
1.1 Galaxy Properties
Galaxies in the local universe can, broadly speaking, be classified into two distinct types.
Morphological characteristics can be used to separate galaxies into late-types (disk-
dominated galaxies with spiral features) and early-types (elliptical, bulge-dominated
galaxies). Early-type galaxies are found to exhibit little or no ongoing star-formation,
evolving passively since high redshift. In contrast, late-types are gas-rich galaxies with
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substantial ongoing star-formation inferred from the detection and measurement of spe-
cific emission lines in their spectra (e.g. Hα). The optical colours of both groups of galax-
ies also reflect the dominant stellar population within that galaxy. Early-types are red
in colour due to their mainly older stellar population emitting lower energy (i.e. cooler),
longer wavelength radiation; late-types are dominated by a young stellar population and
so are bluer in colour, resulting from the energetic ultra-violet (UV) radiation which the
young stars emit. This connection was first established by de Vaucouleurs (1961) who
studied a sample of 148 galaxies and found a dependence of the integrated optical colour
on morphological type.
1.1.1 Spectral Energy Distributions
The optical emission we observe from galaxies is only some fraction of the total energy
emitted by these objects. Galaxies emit over a large range of wavelengths, from radio
through to X-ray. Figure 1.1 shows the spectral energy distributions (SEDs) for different
types of normal and active galaxies. Starting with the non-active galaxies, there is a peak
in the SED in the optical–UV part of the spectrum (log(ν) ∼ 14.75) which is from direct
starlight coming from the star-forming regions of the galaxy. For the starburst galaxy
this peak extends far into the UV (log(ν) ∼ 15.5), where the young, hot stars produce the
majority of their emission. This is not the case for the S0 galaxy (which has a similar SED
to an elliptical) where the quickly decreasing UV flux indicates the lack of hot young stars
which would produce such radiation.
There is also a peak at mid and far infra-red (IR) wavelengths (log(ν) ∼ 12.75), which
is due to reprocessed starlight emitted from dust grains (i.e. UV light is absorbed and re-
emitted at longer wavelengths) in the interstellar medium, near H  regions, where star
formation is occurring. The IR bump is due to thermal continuum radiation from dust
heated to a range of temperatures (10–1000 K). The starburst galaxy has strong emission
in the IR, whereas the S0 galaxy emits a much lower flux at these wavelengths due to
the lack of hot young UV-emitting stars available to heat the dust to high temperatures.
The higher X-ray flux (log(ν) > 16.75) of the starburst galaxy is most likely dominated by
emission from supernovae (as star-formation is ongoing), whereas the lower flux observed
from the S0 galaxy is likely due to hot X-ray emitting gas in the interstellar medium and
X-ray binaries (Fabbiano, 1989). Radio emission (log(ν) < 11.5) in non-active galaxies
is mainly due to synchrotron radiation from relativistic electrons in supernova remnants,
and free-free emission from H  regions (Condon et al., 1991a). There is a also good
correlation between radio and far-IR emission (e.g. Condon et al., 1991b) — this correla-
tion arises as it is the same stars which both heat the dust (producing the far-IR emission)
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and subsequently go supernovae, generating the relativistic electrons which produce the
synchrotron radiation.
Whilst normal galaxies generally produce emission via thermal processes, the emis-
sion from active galaxies is due to both thermal and non-thermal processes. The SEDs of
a radio-loud (RL) and a radio-quiet (RQ) quasar are shown in Figure 1.1. For these ob-
jects a main feature is the large bump at UV wavelengths (termed the ‘Big Blue Bump’),
which is due to thermal emission from hot gas (with a wide range of temperatures) in the
accretion disk surrounding the central black hole. The ‘Big Blue Bump’ in quasar SEDs
is many times stronger than the UV bump observed in the SEDs of normal galaxies due
to different sources producing the emission.
Instead of travelling directly to us, the UV photons from the accretion disk can be
Compton upscattered to X-ray energies by a hot (∼107 K) electron plasma (the corona)
above the accretion disk, producing the observed power-law continuum. At soft X-ray
energies (∼1 keV), the flux is higher than would be expected from an extrapolation of this
power-law — this is known as the ‘soft excess’ and its origin is yet unknown, although
models of relativistically blurred reflection from an ionised accretion disk (Ross & Fabian,
2005) seem to be promising. At higher X-ray energies (>10 keV) Compton scattering
begins to dominate over absorption, producing the so-called ‘Compton hump’ — current
disk reflection models seem to be able to reproduce both this feature and the ‘soft excess’
(e.g. Nardini et al., 2011).
The near and mid-IR emission for active galaxies originates from a dusty molecular
torus which surrounds the AGN — this torus is heated by UV photons from the accretion
disk which are then re-emitted in the IR. The far-IR emission is generally thought to be
due to thermal emission from cooler circumnuclear dust illuminated by the AGN (e.g.
Dicken et al., 2009). At radio wavelengths the luminosity of the RL quasar exceeds that
of the RQ quasar by 2–3 orders of magnitude. This excess is due to synchrotron radiation
(a non-thermal process), which is produced via electrons spiralling around magnetic field
lines in the jets of RL quasars.
For obscured AGN, such as the Seyfert 2 in Figure 1.1, the SED becomes modified
from that of an unobscured AGN. At optical/UV wavelengths the effect of the obscuring
material causes dust reddening — as bluer light is much more attenuated by dust than
redder light, a significant reduction in flux in the blue/UV part of the SED is observed.
This obscuring material also affects the observed X-ray emission. At soft (.2 keV) X-ray
energies photoelectric absorption is important and a large reduction in the flux is observed.
As the energy of the X-ray photons becomes higher (>2 keV) the obscuring material
becomes transparent to these photons (for column densities . 1024 cm−2). For column
densities >1.5×1024 cm−2 Compton scattering by bound electrons becomes important and
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the obscuring material completely blocks X-rays with energies .10 keV — these objects
are known as Compton Thick AGN and represent an interesting class of objects, not least
due to their suspected large contribution to the unresolved X-ray background (Gilli et al.,
2007).
1.1.2 The Galaxy Colour-Magnitude Diagram
The distribution of rest-frame galaxy colour (and morphology) in the local universe has
been found to be strongly bimodal by numerous authors. For example, Strateva et al.
(2001) studied ∼150000 galaxies from the Sloan Digital Sky Survey (SDSS; York et al.,
2000) and found galaxies were bimodal in colour, with early-type galaxies inhabiting the
red region of parameter space and late-types populating the blue (Figure 1.2). The colour
distribution is best fit by two overlapping Gaussian functions with a dearth of galaxies
found in between (e.g. Baldry et al., 2004), similar to the distribution of early and late-
type galaxies.
The colour-magnitude diagram (CMD) is also shown schematically in Figure 1.3,
where the positions of the red sequence, blue cloud and green valley are indicated. The
red ‘sequence’ is named due to the tight relation between colour and magnitude where
more luminous galaxies are typically redder than less luminous galaxies. This colour-
magnitude relation (CMR) is well-defined in clusters of galaxies with the scatter/slope
and evolution of this relation being consistent with the CMR being primarily a metallicity
sequence of old galaxies — more massive galaxies are more metal rich, redder and more
luminous. The red sequence also extends to higher luminosity than the blue cloud as red
galaxies are usually more massive. The blue cloud has a much larger scatter in colour
than the well-defined red sequence, but is systematic in the sense that luminous galaxies
are less blue — this is again due to brighter galaxies tending to be more metal rich and
therefore redder. The green valley is the sparsely populated region in between and is
termed ‘valley’ due to the minima between the two gaussians which best describe the
observed distribution of galaxy colours.
The bimodality of galaxies in the CMD has been well studied at z ∼ 1 (e.g. Bell
et al., 2004; Weiner et al., 2005) and has been found to extend up to z ∼ 2.5 (Brammer
et al., 2009) and possibly further (Xue et al., 2010). An interesting result from the study
of Brammer et al. (2009) is that when correcting for dust content using model fits to the
medium and narrow-band photometry in the COSMOS field, the green valley is found to
be largely populated by dusty star-forming galaxies. Applying this dust correction results
in a very clean separation between red and blue galaxies at all redshifts out to z ∼ 2.5.
The evolution of the red sequence between z ∼ 1 and z ∼ 0 has also been the subject
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Figure 1.1: Spectral Energy Distributions for a S0 galaxy (NGC1553), a starburst galaxy
(NGC 7714) and a Seyfert 2 galaxy (NGC 1068), all normalised at 1.2 µm (i.e. normal-
ising by their old star populations). Overlaid are templates of radio-loud and radio-quiet
quasars from Sanders et al. (1989), normalised to the Seyfert 2 flux in the 60 µm IRAS
band, which is expected to be independent of viewing angle (see Pier & Krolik, 1992).
Figure taken from Kinney et al. (1996).
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Figure 1.2: Colour-magnitude diagram for SDSS galaxies, with photometric galaxies
shown as the contours. Spectroscopically classified late type galaxies are shown as
squares with early types shown as triangles. A strong bimodality in colour is found.
Early types are seen to inhabit the red region whilst late-types populate the blue region.
Figure taken from Strateva et al. (2001).
Figure 1.3: A schematic of the colour-magnitude diagram (colour as a function of optical
luminosity), showing the red sequence (RS), blue cloud (BC) and green valley (GV) in
between.
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of recent studies (Bell et al., 2004; Faber et al., 2007). These studies have shown that there
is a build up of stellar mass on the red sequence (by a factor of 2) since z = 1. As the red
galaxies are generally not forming large amounts of new stars, the build up is attributed
to blue galaxies gradually moving from the blue cloud onto the red sequence via the
quenching of their star-formation. What causes this transition is currently unknown, but a
popular mechanism is that of AGN feedback. In one scenario, major mergers of galaxies
induce AGN activity which, in turn, can drive powerful winds which blow the cold gas
out of the galaxy entirely (e.g. Springel et al., 2005; Hopkins et al., 2005), resulting in
the colour transition from blue to red over a short timescale. Another is the stochastic
fuelling of AGN by bar instabilities and minor galaxy interactions (Hopkins & Hernquist,
2006) — as the fuel supply is depleted, star-formation ceases resulting in the transition
from blue to red. In yet another scenario, the cold gas supply is cut off as galaxies enter
the dark matter haloes of groups or clusters (e.g. Dekel & Birnboim, 2006) with low level
AGN activity invoked to counteract cooling flows in the centre of the galaxy, preventing
further cooling and star-formation (e.g. Bower et al., 2006; Croton et al., 2006).
1.1.3 Galaxy Properties and Environment
Early studies of galaxy clusters showed that the morphology of a galaxy is also a func-
tion of the local galaxy number density (Oemler, 1974; Dressler, 1980) — the proportion
of E/S0 galaxies increases with increasing local density and is accompanied by a corre-
sponding decrease in the fraction of late-type spiral galaxies. This trend of late/early-types
being preferentially found in lower/higher density regions is known as the morphology-
density relation. Due to the connection between galaxy morphology and optical colour
outlined above, there is also a colour-density relation in that higher fractions of redder,
passively evolving galaxies are found in dense environments whilst blue, star-forming
galaxies are more abundant in lower density ‘field-like’ environments. Using large sam-
ples of galaxies derived from surveys such as the SDSS, these relations have been found
to extend over a wide range of densities, from rich clusters of galaxies to the field (e.g.
Balogh et al., 2004; Hogg et al., 2004; Blanton et al., 2005). Using samples constructed
from the DEEP2 galaxy redshift survey (Davis et al., 2003), Cooper et al. (2006) find the
colour-density relation to already be in place at redshift unity (Figure 1.4), with evolution
of the relation being observed between 0.4 < z < 1.35 (Cooper et al., 2007), in that a
higher fraction of red galaxies reside in high-density environments than red galaxies at
higher redshifts.
In addition to the dependence of colour and morphology on environment, there are
a large range of other properties which have been found to depend on the local galaxy
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Figure 1.4: Weighted mean environment, based on the 3rd nearest neighbour approach,
as a function of rest-frame optical U − B colour. The mean environment measures within
distinct colour bins have been weighted by 1/Vmax — these values are shown as black
squares with 1σ uncertainties shown. The grey region shows the 1σ uncertainty in the
sliding mean, calculated in boxes of the width given by the solid line [δ(U − B) = 0.1].
The diamond points and errors are the same as the square points but for the field popu-
lation only — i.e. galaxy groups found in the DEEP2 survey are removed. The dotted
line shows the median values of log(1 + δ3) against colour again using the sliding mean.
The dashed line shows a sixth-order polynomial fit to the mean colour versus environ-
ment trend. All methods show that red galaxies inhabit higher density regions than blue
galaxies. Figure taken from Cooper et al. (2006).
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density. One of these is the age of the galaxy’s stellar population — in the local uni-
verse, Smith et al. (2009) found a strong dependence of stellar age on the distance from
the centre of the Coma cluster. The oldest and most evolved galaxies were found in the
central regions whereas the younger, more actively star-forming galaxies were found in
lower density regions, on the outskirts of the cluster. Elliptical galaxies in the field have
also been shown to be ∼1 Gyr younger than their counterparts which reside in cluster
environments (Bernardi et al., 1998). Studies of higher redshift (z ∼ 1) clusters have also
shown that the stars in massive early-type galaxies must have formed at z > 2 (e.g. van
Dokkum & Stanford, 2003) with the galaxies mainly passively evolving since that time.
Cooper et al. (2010) also found that at z ∼ 1, galaxies in denser regions are found to have
formed at earlier times than galaxies of similar masses which reside in less dense regions.
These results are supported by theoretical modelling work (e.g. Kauffmann, 1996) which
predicts the accelerated formation and evolution of galaxies in dense environments. Other
properties which have been found to correlate with environment (locally and at high red-
shift) include stellar metallicity (e.g. Cooper et al., 2008), optical luminosity (e.g. Hogg
et al., 2004; Cooper et al., 2006), star-formation rate (e.g. Lewis et al., 2002; Sobral et al.,
2010) and stellar mass (e.g. Cooper et al., 2010).
1.1.3.1 Stellar Mass
In the local universe it has been found that galaxy properties, such as colour and morphol-
ogy, are a function of environment even when controlling for stellar mass (e.g. Kauffmann
et al., 2004; Baldry et al., 2006). This indicates that these relations are intrinsic at these
redshifts, i.e. they are not due to a combination of the dependence of stellar mass on en-
vironment and the dependence of colour/morphology on mass. At fixed stellar mass and
using the 5th nearest neighbour approach Cucciati et al. (2010) find that for a zCOSMOS
sample the colour-density relation is flat to z ∼ 1 for galaxies with log(M∗/ M⊙) ≥ 10.7,
but for intermediate mass and lower redshift galaxies (log(M∗/ M⊙) ≤ 10.7; 0.1 ≤ z ≤ 0.5)
the environment does play a role at fixed stellar mass. Gru¨tzbauch et al. (2011) do not
find a significant colour-density relation when accounting for stellar mass at z ∼ 1,
claiming the observed relation is a combination of the colour-mass and mass-density
relations. Again at z ∼ 1 and using a DEEP2 selected sample at fixed stellar mass,
Cooper et al. (2010) find a highly significant colour-density relation extending down to
log(M∗/ M⊙) ∼ 10.4, in that red galaxies are found in denser environments than blue
galaxies. This work strongly contrasts results from other studies which do not find a sig-
nificant colour-density relation at z ∼ 1 for stellar-mass controlled samples (e.g. Scodeg-
gio et al., 2009; Iovino et al., 2010; Gru¨tzbauch et al., 2011) — this discrepancy is at-
tributed to the smaller samples and larger observational uncertainties involved in other
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works which act to smear out the correlation between colour and environment at a given
stellar mass (Cooper et al., 2010).
1.1.4 AGN and Galaxy Co-evolution
Due to the observed correlations between black hole mass and the properties of the galac-
tic bulge, such as the luminosity (e.g. Kormendy & Richstone, 1995; Magorrian et al.,
1998) and the stellar velocity dispersion (e.g. Figure 1.5; Ferrarese & Merritt, 2000; Geb-
hardt et al., 2000), it has become increasingly clear that the evolution of galaxies must
be tightly linked to the activity of the central supermassive black hole (SMBH). If this
is the case, then as the evolution of galaxies is related to the local environment in which
they reside, the incidence and properties of AGN might also be expected to depend on
environment.
1.2 Environments of AGN
Studies of the environments of AGN have revealed many interesting, although sometimes
conflicting, results. For example, Miller et al. (2003) studied a sample of spectroscopi-
cally identified narrow-line AGN in the SDSS (at z ∼ 0.1), finding no correlation with
environment. Kauffmann et al. (2004) on the other hand, found that in low density re-
gions there was a larger fraction of galaxies hosting AGN with bright [O ] luminosities,
again using SDSS data. Wake et al. (2004) also find that AGN clustering in the SDSS
depends on luminosity, in that AGN with low [O ] luminosities have higher clustering
amplitudes than those with high luminosities. Radio-loud AGN have been found to in-
habit regions of enhanced density, such as groups and moderately rich clusters (e.g. Best,
2004). Clustering studies of both optical and X-ray selected AGN at z ∼ 1 have found
correlation lengths in the range 5–10 h−1 Mpc (e.g. Croom et al., 2005; Gilli et al., 2005;
Miyaji et al., 2007, and references therein), which is found to be consistent with that of
early-type galaxies at similar redshifts. From a different perspective, Georgakakis et al.
(2007) found that when using a small sample of X-ray sources from the Extended Groth
Strip (EGS) X-ray selected AGN at z ∼ 1 avoid underdense environments. Coil et al.
(2009) found that X-ray selected AGN in the same field had clustering amplitudes simi-
lar to red/green galaxies, with much stronger clustering than blue galaxies. These authors
also found that X-ray AGN are significantly more clustered than galaxies hosting optically
selected quasars (Coil et al., 2007).
1.2 Environments of AGN 24
Figure 1.5: Black hole mass against the central velocity dispersion (vc; filled circles)
or the rms line-of-sight velocity (vrms; open circles). Crosses denote the lower limits on
vrms. Solid and dashed lines show the best (linear) fit using vc and vrms, respectively. A
strong correlation between the two quantities is observed. Figure taken from Ferrarese &
Merritt (2000).
1.2 Environments of AGN 25
1.2.1 AGN Triggering: Theory and Observations
1.2.1.1 Theory
One of the most popular mechanisms by which AGN are believed to be fuelled is the
merger of two galaxies of comparable mass (i.e. a major merger). Numerical simulations
have shown that the large gravitational torques induced in the collision of two galaxies
act to remove the angular momentum that is supporting the gas content of galaxies —
this results in the inflow and consequent build up of large quantities of gas in the nuclear
regions, close to the SMBH (e.g. Hernquist, 1989; Barnes & Hernquist, 1991; Mihos &
Hernquist, 1996). This gas can then provide the necessary fuel required for the growth
of the SMBH (e.g. Di Matteo et al., 2005; Springel et al., 2005). As this provides a way
to relate the observed correlations between the mass of the black hole and the properties
of the bulge to a physical process, many current models use major mergers as a way of
building the mass of these objects in cosmological simulations (e.g. Hopkins et al., 2006;
Somerville et al., 2008).
There are other mechanisms by which the SMBH can be fuelled — these include
the stochastic accretion of cold gas by such processes as bar instabilities or minor tidal
disruptions (e.g. Hopkins & Hernquist, 2006), or the collision of molecular clouds (see
e.g. Martini, 2004). It has been suggested that the major merger scenario could dominate
at bright luminosities and high redshifts (e.g. for the triggering of quasars), whereas the
minor interactions and bar instabilities could operate most effectively at low redshifts and
lower luminosities (e.g. Hopkins & Hernquist, 2009).
1.2.1.2 Observations
If major mergers are the trigger of AGN activity, it may be expected that one would
observe their host galaxies to exhibit distinct morphological characteristics and/or lo-
cal environments. Grogin et al. (2005) studied a sample of 0.4 < z < 1.3 X-ray AGN
from the Chandra Deep Field-South (CDFS) finding the X-ray sources had no more near-
neighbour counts or higher morphological asymmetries than optical galaxies, and there-
fore found no evidence for a merger–AGN connection out to z ∼ 1.3. Similarly, Pierce
et al. (2007) do not find any strong evidence for galaxy interactions using the Advanced
Camera for Surveys (ACS) on the Hubble Space Telescope (HST) by studying images of
0.2 < z < 1.2 X-ray selected AGN hosts in the Extended Groth Strip (Figure 1.6). Also,
Georgakakis et al. (2008c) find a large population of obscured AGN on the red sequence
at 0.4 < z < 0.9 by using stacking analyses to look at transition zone galaxies — this
is inconsistent with scenarios where the gas has been blown out of the galaxy by AGN
outflows as a result of a major merger (e.g. Hopkins et al., 2005), as there would not be
1.2 Environments of AGN 26
substantial amounts of remaining obscuring material. These authors also do not find mor-
phological evidence of recent/ongoing major mergers in their AGN sample, concluding
that minor interactions may play a role. Cisternas et al. (2011) also concluded there was
no evidence for a merger–AGN connection at 0.3 < z < 1, finding 85% of X-ray AGN
lack distorted morphologies using HST/ACS imaging in the COSMOS field. Studies of
X-ray selected AGN have also found a substantial fraction (20–30%) of these objects in
disk-dominated hosts (e.g. Pierce et al., 2007), which again suggests a lack of a major-
merger connection for these objects. Georgakakis et al. (2009) studied this in more detail,
finding that the observations of X-ray AGN fit well with the Hopkins & Hernquist (2006)
model, concluding that AGN in disk galaxies (30% of their sample) are most likely fuelled
by minor interactions and instabilities and/or secular evolution rather than major mergers.
It may indeed be that minor mergers and galaxy interactions are the primary trigger-
ing mechanism of AGN activity for X-ray selected AGN (see Jogee, 2006, for a review
of alternative AGN triggering mechanisms) — in this case these objects may be more fre-
quently found in denser environments than non-active galaxies, where galaxy interactions
are more common and may more easily channel gas to the nuclear regions of the galaxy,
providing the fuel for star-formation and AGN activity.
1.2.2 Clusters
Although it could be expected that the higher number density of galaxies in very dense
regions (such as local rich clusters) would result in a larger number of AGN due to the
higher incidence of galaxy interactions, this does not seem to be the case, at least for
emission-line selected AGN. Early studies of the fraction of AGN in low-redshift clusters
found that there was a significant lack of emission-line galaxies in these extremely dense
environments compared to the field (e.g. Gisler, 1978; Dressler et al., 1985). Similar
results for emission-line AGN are found in the more recent studies of Kauffmann et al.
(2004), who as previously mentioned, found more bright emission-line AGN were in
lower density regions than in denser regions.
An explanation for the lack of AGN activity in these rich clusters could come from
a combination of two factors. Firstly, although the encounters between galaxies could be
more frequent, they will also have much higher characteristic velocities than those which
occur in the field, due to the much larger gravitational potential of the rich cluster en-
vironment. Analytic arguments put forward by Binney & Tremaine (1987) suggest that
both the dynamical friction, which is needed to remove the angular momentum of the
gas, and the energy input of a collision should scale as v−2. This means that these en-
counters are much less likely to form a bound pair and to induce the gravitational torques
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Figure 1.6: Morphological classifications (Gini-M20) of X-ray selected AGN host galax-
ies in the Extended Groth Strip. Symbol sizes, colours and shapes indicate X-ray lumi-
nosity, redshift type and X-ray hardness ratios, respectively. The solid line approxi-
mately distinguishes between interacting and non-interacting galaxies, with the dotted
lines roughly showing the different Hubble types. The ‘1’ and ‘2’ marked symbols show
IR-detected AGN and single galaxies associated with two X-ray sources. Very few X-ray
AGN are found in interacting systems. Taken from Pierce et al. (2007).
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required to channel gas to the nuclear regions, where it can feed the black hole, than in
the much slower encounters that occur in lower density regions. The high velocity disper-
sions (typically ∼103 km s−1) characteristic of evolved clusters are therefore less likely
to be conducive to the triggering of AGN activity. Indeed, at low redshifts Popesso &
Biviano (2006) showed that the fraction of narrow-line AGN is inversely proportional to
the velocity dispersion of the structure in which it resides (Figure 1.7).
Secondly, the cluster environment is much more efficient than lower density regions
at removing the cold gas required for the fuelling of AGN activity. Observations by Gio-
vanelli & Haynes (1985) showed that the galaxies in clusters had a lower gas content than
their counterparts in lower density regions. This is thought to be due to such processes as
ram-pressure stripping (e.g. Gunn & Gott, 1972; Abadi et al., 1999), which is the removal
of cold gas from galaxies due to the strong drag force the galaxy experiences as it moves
through the intergalactic medium. Other mechanisms which act to remove the gas content
include galaxy harassment, the repeated high-speed encounters between galaxies, which
result in the reduction of the gas content of a galaxy over time (e.g. Moore et al., 1996);
another is strangulation (e.g. Larson et al., 1980) — as galaxies fall into the cluster for
the first time, tidal effects created by the gravitational potential of the cluster allow gas to
escape from galaxies, gradually reducing the amount of fuel available for star-formation.
Although the above could explain the lack of emission-line AGN found in low red-
shift clusters, it is also noted that Martini et al. (2006) conducted a study of the AGN
fraction in local clusters using X-ray observations, finding a five-fold increase in the AGN
fraction (LX > 1041 erg s−1; MR < −20 mag) over previous work. This was attributed to
the higher sensitivity of the X-ray observations to AGN of much lower luminosity — this
and other studies (e.g. Best et al., 2002) show that there is a marked difference in the
relation of the AGN fraction to the field when using different selection techniques.
1.2.3 Clusters at High Redshift
Moving to higher redshifts, significant overdensities of X-ray point sources have been
found to exist in cluster fields when compared to the number found in blank fields. Cappi
et al. (2001) reported an excess of X-ray point sources in the fields of two z ∼ 0.5 clusters.
Similarly, observations of a larger sample of 10 clusters with 0.24 ≤ z ≤ 1.2 by Cappelluti
et al. (2005) resulted in an observed excess of X-ray point sources in four of the ten fields,
a result that was significant at ∼5σ when combining the clusters. Ruderman & Ebeling
(2005) also found a highly significant excess using 51 clusters with 0.3 ≤ z ≤ 0.7 from the
Massive Cluster Survey. Using a large sample of 148 clusters with 0.1 < z < 0.9, Gilmour
et al. (2009) also found a significant excess of X-ray sources. Although these results
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Figure 1.7: Top: AGN fraction against velocity dispersion for the Popesso et al. (2006)
cluster sample (63 clusters). The solid line is the best-fit linear regression. Bottom: Same
as top panel but for the 261 clusters in the C4 sample of Miller et al. (2005). Clusters
with no AGN are plotted at fAGN = 0.025. Figure taken from Popesso & Biviano (2006).
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do point to enhanced AGN activity in clusters at high redshift, the lack of confirmation
of cluster membership from spectroscopy means that they are far from conclusive. For
example, other studies have not found an excess of X-ray point sources in some moderate
redshift (z ∼ 0.5) clusters (e.g. Molnar et al., 2002). Similarly, Kim et al. (2004) find
no significant overdensity of X-ray sources in cluster fields at z > 0.3 in the Chandra
Multiwavelength Project (ChaMP).
Other studies have shown that when considering the evolution of AGN in clusters, the
fraction of cluster galaxies hosting an AGN increases strongly with redshift (Figure 1.8;
Cappelluti et al., 2005; Eastman et al., 2007; Martini et al., 2009). Eastman et al. (2007)
have claimed that this amounts to evidence for a Butcher-Oemler type effect (Butcher &
Oemler, 1984) for AGN in clusters of galaxies. The two may have a common link as
the higher fraction of blue galaxies in higher redshift clusters indicates there is more gas
available for star-formation at higher redshift — this is the same fuel that is needed for
black hole accretion and subsequent AGN activity. Protoclusters at z > 2 have also been
shown to exhibit increased levels of AGN activity (see Chapter 3).
1.2.4 The Group Environment
In the outskirts of clusters the galaxies have not been fully virialised into the cluster po-
tential and a large fraction are being accreted by the cluster in small groups (e.g. McGee
et al., 2009). These groups of galaxies have much lower characteristic velocity dispersions
than that of the cluster as a whole. As previously mentioned, it is in these circumstances
where the efficient mergers of galaxies are more likely to take place and result in AGN
activity (see e.g. Mihos, 2004).
Observational evidence for a higher fraction of AGN in these environments comes
from a number of sources. A 2σ excess of X-ray selected AGN was found in a z ∼ 0.8
cluster studied by Johnson et al. (2003) — these authors found that the excess of AGN
was found at large distances (1–2 Mpc) from the cluster centre (Figure 1.9), suggesting an
association with an infalling population. Kocevski et al. (2009) found a similar excess in
a supercluster at z ∼ 0.9, noting that they avoid the densest regions and were distributed
in the outer regions of clusters or in small groups. Gilmour et al. (2007) also noted that
the X-ray sources avoided the densest regions of a supercluster at z = 0.17. In addition,
Poggianti et al. (2006) found that the most active star-forming galaxies at high redshift
are found in intermediate-mass, low velocity dispersion (σ = 500 − 600 km s−1) groups
which they claim are associated with systems that are infalling into the cluster potential
— this indicates these systems have the large amounts of fuel that are necessary for both
star-formation and AGN activity.
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Figure 1.8: The cluster AGN fraction as a function of redshift. Shown are cluster AGN
with L2−10keV > 1042 erg s−1 as blue triangles and L2−10keV > 1043 erg s−1 as red squares.
The lines show the integration of the Ueda et al. (2003) hard X-ray luminosity function.
Cluster AGN with a mean redshift of z ∼ 0.6 are found to be more prevalent than cluster
AGN from the Martini et al. (2006) cluster sample at z ∼ 0.2. Figure taken from Eastman
et al. (2007).
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Figure 1.9: Distribution of 47 X-ray point sources in the MS 1054-03 field overlaid on
the Chandra/ACIS-S full-band data. The large square is the extent of the ACIS-S3 chip,
with the detected X-ray point sources shown as circles. Darker circles represent sources
with f0.5−8keV > 5× 10−15 erg s−1 cm−2. Radio sources from Best et al. (2002) are shown
as the diamonds. The large circles show radii of 1 and 2 Mpc from the cluster centre.
The two irregular polygons show the extent of available HST and Keck data. X-ray AGN
are generally found 1–2 Mpc from the centre of the cluster, whilst radio AGN are found
both in the centre and at larger distances. Figure taken from Johnson et al. (2003).
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In contrast, some other studies have also found that AGN are found in the central
regions of clusters. Martini et al. (2007) find that for AGN with LX > 1042 erg s−1 and
host galaxies with MR < −20 mag, these objects are more centrally concentrated than
galaxies of the same luminosity, although this result is not found when considering AGN
with LX > 1041 erg s−1. Similarly, Ruderman & Ebeling (2005) find a central excess of
X-ray selected AGN in their 0.3 ≤ z ≤ 0.7 cluster sample, which they attributed to close
encounters between galaxies and the giant cD-type elliptical galaxy in the centre of the
cluster. They also find a broad secondary excess at the virial radius of the clusters, which
they attribute to AGN being fuelled by galaxy mergers.
When studying the differences between the AGN fraction (X-ray and optically se-
lected) in clusters and groups, Arnold et al. (2009) found that in their local sample of 10
groups and 6 clusters, the fraction of galaxies hosting AGN approximately doubles when
moving from the cluster environment to the group environment. Sivakoff et al. (2008)
similarly found a much higher fraction of X-ray selected AGN in large groups than in rich
clusters. Shen et al. (2007) also studied a small sample of eight poor groups at z ∼ 0.06,
finding one X-ray selected AGN and five emission-line AGN. The overall AGN fraction
in these groups (7%) is found to be similar to the 5% fraction found in clusters by Martini
et al. (2006) down to the same magnitude limit, although small number statistics could
be a problem in this study. At higher redshifts, Georgakakis et al. (2008a) find that X-ray
selected AGN at z ∼ 1 are more likely to be found in groups than non-active galaxies.
Similarly, Coil et al. (2009) used clustering analyses to determine that X-ray AGN hosts,
when matched in both luminosity and colour, are still more clustered than non-active
galaxies. They note this implies that X-ray AGN are more likely to reside in groups and
more massive dark-matter haloes than galaxies of comparable luminosity/colour.
1.3 Motivation
From the above, there are clearly some contradictory results. The range of environments
for AGN indicate that there are dependences on the AGN selection methods (e.g. optical
or X-ray), the host galaxy properties and the different redshift ranges being probed. There
are also correlations between certain host galaxy properties, such as colour, mass and
morphology, that need to be taken into account to properly understand any underlying
relationship between AGN activity and environment.
In this thesis X-ray selection is the main method used to construct samples of AGN,
as this is an efficient way of finding these objects. The relationship between environment
and AGN activity is studied from two complementary perspectives: the first is to look at
AGN activity in a specific large-scale structure (i.e. a high-z protocluster), with the second
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being a study of the average local environment of a sample of z ∼ 1 AGN over a large
area. In the second study, a detailed consideration of the AGN host galaxy properties is
presented in order to derive meaningful information regarding the environments of AGN.
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Chapter 2
X-ray Data Analysis
Overview
This chapter provides a description of the X-ray data analysis methods used throughout
this thesis. Firstly, the basic characteristics of the Chandra X-ray Observatory and the
onboard detector, the Advanced CCD Imaging Spectrometer (ACIS), are described —
this is the source of all the X-ray data used in this work. The pipeline used to reduce
the raw X-ray data into a usable format and to subsequently detect X-ray sources (which
was written at Imperial College) is also described. The Likelihood Ratio technique was
adopted to securely match X-ray sources to optical counterparts and is also explained
in this chapter. Finally, the methods used to extract X-ray source spectra are detailed,
together with the subsequent spectral analysis techniques used to obtain information on
the source properties, such as the intrinsic X-ray luminosity, LX, and the neutral hydrogen
column density (NH).
2.1 The Chandra X-ray Observatory
2.1.1 General
The Chandra X-ray Observatory (CXO) is one of NASA’s four Great Observatories. The
other three are the Hubble Space Telescope, the late Compton Gamma-ray Observatory
and the Spitzer Space Telescope. The CXO was launched by NASA’s Space Shuttle
Columbia (STS-93) on July 23, 1999 with its Inertial Upper Stage (IUS) rocket motor
attached. The IUS separated from Chandra after reaching its transfer orbit 11 hours after
launch. A series of five firings of Chandra’s onboard propulsion system took it to its final
orbit of approximately 140, 000 × 10, 000 km on 7 August 1999 with a highly elliptical
(e=0.8) trajectory with a period of 64.3 hours. The spacecraft spends over 85% of its time
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Figure 2.1: A sketch depicting the Chandra spacecraft and telescope/science instrument
payload. Of particular note are the High Resolution Mirror Assembly (HRMA) and the
Advanced CCD Imaging Spectrometer (ACIS), which are discussed in the text. Figure
taken from the Chandra User Guide.
above the belts of charged particles that surround the Earth, resulting in uninterrupted
observations of single targets of up to 55 hours being possible. Also, a much larger
proportion of the overall observing time is useful compared to satellites in low Earth
orbits. Much of the following information on Chandra was taken from the Chandra X-
ray Observatory website1 and the Chandra User Guide.
2.1.2 Telescope System
The CXO consists of a high resolution X-ray telescope (the High Resolution Mirror As-
sembly; HRMA) which is connected by an optical bench to the Integrated Science Instru-
ment Module (ISIM) which houses the advanced focal plane instruments (Figure 2.1). It
provides an order-of-magnitude improvement (in both spatial and spectral resolution) over
previous X-ray missions such as ROSAT and ASCA. The HRMA consists of four pairs
of concentric nested paraboloid-hyperboloid (Wolter Type-1) grazing-incidence mirrors
(1145 cm2 in area; see Aschenbach, 1985, for a review of X-ray optics). The largest of
these has a diameter of 1.2 m with the focal length of this assembly being 10 m. Images
produced by the HRMA have a half-power diameter of the point spread function (PSF)
of < 0.5′′ full width at half maximum (FWHM), including detector effects, which allows
objects and structures to be resolved in fine detail. The mirror assembly has an energy-
1http://chandra.harvard.edu
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Figure 2.2: The ACIS focal plane. The ACIS-I and ACIS-S CCD arrays are shown
together with the nominal aimpoints for each array [denoted by a ‘×’ (I3) and a ‘+’ (S3)].
The diagonal stripes in the corner of CCDs S1 and S3 denote back-illuminated chips.
Figure taken from the Chandra User Guide.
dependent effective area of 800, 400, and 100 cm2 at 0.25, 5.0, and 8.0 keV, respectively.
2.1.3 The Advanced CCD Imaging Spectrometer
The data used in this thesis were acquired from the ACIS instrument aboard Chandra, and
so it is briefly described here. ACIS has the capability to simultaneously provide high-
resolution images and moderate resolution spectra, and can also be used with the Low
Energy Transmission Grating (LETG) or the High Energy Transmission Grating (HETG)
to enable higher resolution spectra to be obtained. The ACIS focal plane (Figure 2.2)
is populated by ten planar 1024 × 1024 pixel CCDs, each pixel being 24 µm (0.492′′)
in size, configured in a 2 × 2 imaging array (ACIS-I) and a 1 × 6 spectroscopic array
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Figure 2.3: Quantum efficiency of the ACIS-S FI (solid line) and BI (dashed line) CCDs
convolved with the transmission of the OBF as a function of energy, including the effects
of molecular contamination discussed in the text. Figure taken from the Chandra User
Guide.
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Figure 2.4: The on-axis HRMA/ACIS effective area as a function of energy. These
curves are for a point source and a 20′′ diameter detection cell and include the effects of
molecular contamination of the OBF as is discussed in the text. Figure taken from the
Chandra User Guide.
(ACIS-S). The field-of-view (FOV) for ACIS-I is approximately 16.9 × 16.9 arcmin and
is 8.3 × 50.6 arcmin for ACIS-S. Two of the CCDs are back-illuminated (BI; S1 and S3)
and eight are front-illuminated (FI) with the BI CCDs being able to probe lower energies
than the FI CCDs. Any combination of up to 6 CCDs can be used simultaneously —
for example, an extended ACIS-I imaging mode could consist of chips I0-3 being used
in conjunction with chips S2 and S3, whereas an ACIS-S imaging mode could consist of
chips S1-4 plus I2 and I3. Obviously, operating more chips gives a larger amount of data
but this comes at the cost of an increased total background counting rate and more chance
of saturated telemetry. In this thesis only data from chips I0-3 are used (i.e. ACIS-I only).
The ‘effective area’ of Chandra is less than the geometric area of the HRMA
(1145 cm2) as it takes into account effects such as reflectivity, the quantum efficiency
(QE) of the detector, which includes the transmission of the optical blocking filter (OBF),
and off-axis vignetting. The QE of a detector is the fraction of incident X-ray photons
that create an electron-hole pair and is measured in counts photon−1. The OBFs are made
of two thin strips of aluminium with a layer of polyimide (a polycarbonate plastic) in
between; these are placed over the CCDs, between the chips and the HRMA, to reduce
the UV/optical/IR contamination of the signal. The QE convolved with the transmission
of the appropriate OBF is plotted as a function of energy in Figure 2.3 for the FI and BI
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Figure 2.5: The HRMA/ACIS-I encircled energy radius as a function of off-axis angle
for the four ACIS-I CCDs. The encircled energy radii are shown for circles which enclose
50% and 90% of the power at both 1.49 keV and 6.4 keV. Figure taken from the Chandra
User Guide.
ACIS-S CCDs.
2.1.3.1 Molecular Contamination
Observations and data from the on-board ACIS calibration source show that there has
been a slow but continuous degradation of the ACIS effective area since launch. This has
been attributed to a build up of a thin layer of molecular contamination on the OBF;
this contamination was found to consist of mainly carbon, with oxygen and fluorine
also present. A model to account for this effect was released in the Chandra calibra-
tion database (CALDB) v3.0.0 (December, 2004) with an updated model being released
in CALDB 4.2 (December, 2009). The on-axis HRMA/ACIS effective area for a point
source and a 20′′ diameter detection cell is plotted as a function of energy (Figure 2.4) for
the FI I3 CCD and the BI S3 CCD, including the effects of the molecular contamination
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described above.
2.1.3.2 The Encircled Energy Radius
The Chandra HRMA PSF is a function of both off-axis angle (OAA) and the photon
energy. The PSF is smallest at the telescope aimpoint and gets increasingly broader as
the OAA increases (due to mirror aberrations) and as the photon energy increases (due to
more X-ray scattering). An important quantity is the encircled energy fraction (EEF), the
two-dimensional integral of the PSF. The variation of the HRMA/ACIS-I encircled energy
radius (EER; the radius which encloses a specific EEF) as a function of radius from the
aimpoint to the outer corner of each CCD is shown in Figure 2.5 for the four ACIS-I
chips. The off-axis EER are not azimuthally symmetric due to the HRMA aimpoint being
located near the inner corner of the I3 chip (see Figure 2.2). The EER are shown for
circles which enclose 50% and 90% of the power at 1.49 keV and 6.4 keV. The increase
in the EER for both increasing OAA and energy is seen for all the ACIS-I CCDs.
2.2 X-ray Data Reduction and Source Detection
The reduction of the Chandra data and the source detection procedure used in this thesis
was completed using a pipeline written by Dr. Elise Laird (ESL) at Imperial. A detailed
description of this method can be found in Laird et al. (2009), hereafter L09, which is an
updated version of methods initially presented in Nandra et al. (2005). The data reduction,
source detection and photometry for the HS 1700+64 field utilised CXC Chandra Inter-
active Analysis of Observations (CIAO) data analysis software, version 3.4 and CALDB,
version 3.3 and was carried out by myself. For the All-wavelength Extended Groth Strip
International Survey (AEGIS) 200 ks data reduction CIAO v3.3 was used, for the 800
ks CIAO v3.4 was used. ESL reduced and performed source detection/photometry on all
AEGIS data, whilst Dr. Antonis Georgakakis did the same for the Great Origins Observa-
tories Deep Survey (GOODS) data.
2.2.1 Chandra Data Reduction
The raw (level 1) event files were first corrected for known systematic offsets and hot/bad
pixels were removed using the CIAO task acis run hotpix for data taken in VFAINT mode.
Any data taken in FAINT mode had the older detect afterglow task applied instead due to
residual afterglows remaining after applying the acis run hotpix task (see L09). A level 2
event file is then produced using the task acis process events; this was used to apply the
charge-transfer inefficiency (CTI) and time-dependent gain corrections, and to apply the
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PHA randomisation. CTI corrections are needed as the loss of charge in a CCD as it is
shifted from one pixel to the next during readout can result in a change in the ‘grade’
(see below) of the event, which can then mean some good events are rejected during
processing. This effect also causes the measured pulse-height distribution of a source to
be shifted to lower pulse-heights; this is known as a gain shift and is also corrected for.
Data taken in VFAINT mode also have the ACIS particle background cleaning algorithm
applied. Standard screening criteria are also applied by filtering the observations using
the standard ASCA grades 0, 2, 3, 4 and 6. The grade of an event gives information on
the dispersion of the charge deposited on the CCD by considering which pixels in a 3x3
neighbourhood are above their threshold value; for example, a single-pixel event has a
grade of 0.
The next step is to identify background flaring by first creating a light curve in time
steps of 50 s, and then excluding time intervals where the background count rate exceeded
1.36 times the quiescent level. The quiescent background level is determined by finding
where the excess variance of the light curve is equal to zero (Nandra et al., 2007b), with
the factor of 1.36 determined empirically from ACIS data in the AEGIS-X survey by
L09. From the filtered level 2 event files images (for each observation) were created in
four energy bands; these are the full-band (FB; 0.5–7 keV), soft-band (SB; 0.5–2 keV),
hard-band (HB; 2–7 keV) and ultra-hard band (4–7 keV). Weighted exposure maps (based
on a Γ = 1.4 spectrum) were also created in these energy bands using the task merge all.
These take into account the telescope and instrument efficiencies, the gaps between chips
and any dithering of the telescope that occurred during the observation. Offsets of each
observation ID (ObsID) relative to the first are determined using the CIAO task align evt
and merge all is then used to create a merged level 2 event file. The reproject image task
creates merged exposure maps from the individual exposure maps (for each observation)
in the above energy bands. Merged images in each energy band are then also created from
the merged event file.
2.2.2 PSFs
PSFs were calculated as described in L09. The PSFs are calculated using the MARX
simulator2 which can simulate photons travelling through a basic version of the Chandra
Ray Tracer PSF simulator3 (ChaRT) HRMA model. Elliptical PSFs were calculated for
a number of different EEF values (50-95%) at different positions over a 10 pixel grid on
the detector. The ellipse parameters are stored in a look up table which can be used to
2http://space.mit.edu/cxc/marx/index.html
3http://cxc.harvard.edu/chart/
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determine the PSF at a certain position on the detector which encloses the desired EEF.
As there are multiple observations orientated in different directions (and with differing
aimpoints), a single source may have a PSF in some observations which are on-axis and
therefore well-defined, together with others which may be far off-axis and therefore much
broader. The source detection procedure described below requires a single PSF to extract
counts from; the PSFs for a specific source are therefore weighted by the ratio of the
exposure in each individual observation to the exposure in the merged image to produce
a single, circular PSF. This is repeated for each of the above energy bands.
2.2.3 Source Detection
Detection of X-ray point sources is completed via the pipeline as described in L09. Can-
didate sources are first identified by use of the CIAO wavelet algorithm wavdetect, which
is set to run at a significance level of 10−4 on the images in the four energy bands listed
above. This low significance level results in a relatively high number of spurious sources
being identified, but should not miss many real sources. The 70% EEF PSF (calculated as
above) is then used to extract the X-ray source counts — this radius has previously been
determined to be most efficient for source detection by L09. For the background estima-
tion the 95% EEF is first used to mask out point sources detected by wavdetect, with the
background counts then extracted from an annulus (inner radius=1.5 × 95% EEF, outer
radius=inner radius+100 pixels) surrounding the source. The background counts are then
scaled by the ratio of the source/background areas and average exposures. The Poisson
probability of observing the source counts based on the background is then calculated and
a Poissonian false-probability threshold of 4 × 10−6 is applied, ensuring that the detected
sources are real and not just background fluctuations. A single source list is then produced
by merging the sources detected in each band.
Photometry was also performed on the sources via the pipeline. The 90% EEF was
used to extract the total counts within the source region, with the background estimated as
above. The net source counts are then defined as the background subtracted total counts.
The counts in each band are then converted to fluxes in the 0.5–10, 0.5–2, 2–10 and 5–
10 keV bands using a power-law spectrum with photon index Γ = 1.4, as these bands
are more commonly used in X-ray analysis. Fluxes are calculated using both a Bayesian
method (see L09), which accounts for the Eddington bias (i.e. the overestimate of faint
source fluxes) by using a prior based on the flux distribution that is observed, and also a
classical Poissonian method. L09 compared fluxes derived from the two methods, finding
that the classical method can overestimate the fluxes of faint sources by up to a factor of
2 (see Fig. 3 in L09).
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2.3 X-ray Counterpart Matching
2.3.1 The Likelihood Ratio Method
Typically, for a given X-ray source, there can be multiple optical/infrared candidate coun-
terparts within the error circles of X-ray data (∼5′′ for XMM–Newton data; ∼2′′ for Chan-
dra data). The issue of identification can become complicated when there are random
counterparts in the error circles or when the real counterpart is faint and there are ad-
ditional, brighter counterparts nearby. To avoid incorrect matches to X-ray sources the
counterparts of X-ray sources presented in this thesis are all identified using the Likeli-
hood Ratio (LR) technique (e.g. Sutherland & Saunders, 1992; Ciliegi et al., 2003; Brusa
et al., 2005; L09). The LR is defined as the ratio between the probability that a particular
source is the real counterpart and that of the source being a background object, unrelated
to the object in question (Sutherland & Saunders, 1992), i.e.
LR =
q(m) f (r)
n(m) (2.1)
In equation 2.1 q(m) is defined to be the expected probability distribution of the true
counterparts, as a function of magnitude, m. The background surface density distribution
of objects with magnitude m is denoted by n(m), whilst f(r) is the probability distribution
function of the positional uncertainties of the X-ray and optical sources — this is assumed
to take the form of a two-dimensional Gaussian:
f (r) = 1
2piσ2
e
−r2
2σ2 (2.2)
where r is the positional offset of the candidate counterpart from the X-ray source po-
sition and σ is a function of the positional uncertainties. The f(r) probability distribution
is normalised to unity, i.e.
∫ ∞
−∞
f (r)dr = 1.
Before determining the above parameters, any systematic offsets between the X-ray
and optical datasets are identified by first crudely matching the source lists using only
bright sources (e.g. a RAB < 24 mag cut was applied in HS 1700), using a matching radius
of 2′′. These offsets are then accounted for by correcting the X-ray source positions.
The procedure used to calculate the LR parameters follows that of Ciliegi et al.
(2003). To calculate f(r) the positional errors of both the X-ray (δX) and optical (δO) data
are taken into account. The typical statistical uncertainties in the X-ray source positions
for Chandra AEGIS data was determined by L09. To accomplish this, the MARX simula-
tor was used to construct simulated fields which then had synthesised X-ray sources added
(based on a single power-law logN − logS distribution) and which imitate the observed
density of X-ray sources. A standard (Γ = 1.4) X-ray spectrum and 200 ks of exposure
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time were also adopted. The simulated sources were then run through the source detec-
tion procedure (described in §2.2.3) to compare the input source positions to those output
by the source detection method. The X-ray source positional accuracy is found to be a
function both of the OAA and the number of source counts. L09 note that there was only
a mild dependence on counts and so only use OAA to determine the positional accuracy,
as is done in this work. Table 2 in L09 shows the 1σ positional uncertainties as a function
of OAA; these values were adopted for the work in this thesis — the uncertainty ranges
from 0.3′′ for on-axis (<3′) sources to ∼1.7′′ for sources with large (>9′) OAAs. For com-
parison, optical imaging from the William Herschel Telescope (WHT), used in Chapter
3 to find counterparts for the X-ray sources in HS 1700+64, has typical positional errors
of approximately 0.2′′. These are added in quadrature to give the combined positional
uncertainty, σ = [δ2X + δ2O]1/2.
In order to calculate q(m), the expected probability distribution of true counterparts,
all optical sources within a radius, r, of 2.5′′ from each X-ray source were first counted
[total(m)] and then background subtracted to construct the distribution of ‘real’ identi-
fications; the background distribution was scaled to the same area that was used in the
calculation of total(m), i.e. the number of X-ray sources (NXR) multiplied by the area
around an X-ray source that was searched for counterparts, pir2, as shown in equation 2.3.
real(m) = total(m) − NXRpir2n(m) (2.3)
The above real(m) distribution was then normalised to obtain q(m) using equa-
tion 2.4. In this equation,
∑
i denotes the sum over all the magnitude bins of the dis-
tribution (i.e. the total number of objects in the real(m) distribution), whilst Q is the a
priori fraction of X-ray sources that are expected to have an optical counterpart brighter
than a certain magnitude limit, m f aint. Q is calculated by equation 2.5, where m f aint can
be either the limiting magnitude of the optical catalogue or the magnitude at which the
background surface density (in that bin) becomes consistent with the observed number of
possible counterparts. The former choice is used in this work (e.g. Ciliegi et al., 2003).
Varying the value of Q (from 0.5–1.0) has no significant impact on either the final num-
ber of identifications or the total reliability of the samples (e.g. Ciliegi et al., 2003; Brusa
et al., 2005).
q(m) = real(m)∑
i real(m)i
× Q (2.4)
Q =
∫ m f aint
real(m)dm
NXR
(2.5)
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Figure 2.6: Magnitude distributions used for the identification of X-ray sources with
R-band selected objects in the HS 1700+64 field. Shown are the observed magnitude
distribution of possible optical counterparts within a 2.5′′ radius of each X-ray source
position [total(m); dashed histogram]; the surface density of background objects as a
function of magnitude [n(m); solid histogram] and the distribution of ‘real’ counterparts
as a function of R-band magnitude [real(m); dot-dash curve smoothed with a Gaussian
of width equal to 3 bins]
Figure 2.6 shows the magnitude distributions used to identify X-ray sources in the
HS 1700+64 field (see Chapter 3) with this method. Shown are the observed magnitude
distribution of optical sources detected in the R-band within a 2.5′′ radius of each X-ray
source [total(m); dashed histogram]; the surface density of background sources scaled to
the same area as that in the total(m) distribution [n(m); solid histogram] and the real(m)
distribution (dot-dash smooth curve) — this has been smoothed by a gaussian of width
3 bins and is then normalised according to equation 2.4 and used as input to the LR
calculation (equation 2.1).
Once the q(m), n(m) and f(r) parameters have been calculated, LR values can be de-
termined for each candidate counterpart that falls within a 3′′ search radius of a particular
X-ray source. The next step is to decide on a LR threshold (LRth) which will discrimi-
nate between real and spurious identifications. The choice of this threshold value needs
to be small enough to avoid missing many real identifications but large enough to limit
the number of incorrect identifications to a minimum and so increase the reliability (see
below) of the source matches. The value adopted is LRth = 0.5 (L09); this value has been
chosen to balance the total reliability of the identifications with the sample incomplete-
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ness. If any particular X-ray source has more than one counterpart with LR > LRth, then
the object with the highest LR value is chosen as the most likely identification.
2.3.2 Reliability of the Identifications
To assess the reliability of individual identifications, equation 2.6 can be used (Sutherland
& Saunders, 1992). Rel j is a measure of how reliable a certain identification j is; the sum
is over all the candidate counterparts with LR > LRth that are associated with the same
X-ray source and Q is the a priori probability that the counterpart is brighter than m f aint,
as described above.
Rel j =
(LR) j∑
i(LR)i + (1 − Q)
(2.6)
When the reliabilities for each individual identification are summed, the reliability of the
identifications as a whole can then be expressed as an expected contamination rate. This
is calculated using the ratio of the summed reliability to the number of identifications
made. Typical rates of contamination for X-ray samples in this thesis are 5–8% and so
the impact of spurious matches on the results presented in this thesis should be relatively
minor.
2.4 Spectral Extraction
In this thesis X-ray fluxes, luminosities and NH column densities are derived by fitting
models to the X-ray spectra of the detected sources. Before this can be done the spectra
must first be extracted from the reduced data. Typical Chandra observations can comprise
multiple pointings (each having a different aimpoint), with each one of these being made
up of a number of different ObsIDs. Additionally, the individual pointings usually overlap
to avoid any gaps in the survey; sources in these overlap regions will have different OAAs
in each observation, which, in turn, results in one source having differing PSF shapes/sizes
in different observations. These must be combined into a single PSF from which counts
can be extracted (as in the source detection procedure described in §2.2.3). For these
reasons, the extraction of source spectra is non-trivial. All spectral extractions for the X-
ray sources in all fields (GOODS, AEGIS and HS 1700+64) were performed by myself,
together with the spectral fitting of the detected sources.
The X-ray spectra were extracted with the ACIS EXTRACT IDL package4 (AE;
v.2008-03-04; Broos et al., 2010), which was developed at Penn State University and
4http://www.astro.psu.edu/xray/docs/TARA/ae users guide.html
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is designed to deal with large numbers of sources on multiple, overlapping obsIDs orien-
tated at varying angles. This program requires as input a number of X-ray data products,
both raw and processed (via the pipeline described in §2.2).
The AE tool ae make catalog first uses MARX ray-trace simulations to construct the
PSF images at the position of the source for each observation. The required EEF is set to
95% so that the PSF calculated encloses a large fraction of the observed counts; although
this is the target EEF, in crowded regions this will be iteratively reduced to avoid over-
lapping source extraction areas. The PSFs are created at the specified ‘primary’ energy
(1.5 keV) and are pixelated regions based on the exposure maps, not simply geometri-
cal ellipses, and so are as accurate as possible. Aspect solution files, which describe the
orientation of the telescope as a function of time, are provided to AE during the PSF
construction to ensure that the source dithers across the detector in exactly the same way
as the real source did at the time of observation. As the event data were processed with
the CIAO tool acis process events, by default they have had pixel randomisation applied
with the maximum offset used to randomise the event positions (=0.5 pixels) stored in the
Flexible Image Transport System (FITS) keyword RAND SKY. This value is supplied to
AE to determine the amount of blurring to apply to the PSF images. At this stage circular
mask regions are also constructed (used in the determination of background extraction
regions later); these have a size 1.1 times the 99% PSF of the source at 1.5 keV.
The next stage is to use the AE tool ae standard extraction to actually extract the
spectrum of each source. Source counts are first extracted from the extraction regions
from the level 2 event files (for each observation), and then filtered by energy to produce
the source spectrum for that observation, using the CIAO tool dmextract. Background
spectra are created by first masking out all the point sources (using the mask regions cal-
culated in the previous stage), and defining circular background regions via an annulus
centred on the source position; this region is required to contain a minimum of 150 back-
ground counts. The counts (for a single observation) are extracted in the same way as for
the source spectrum and then scaled by the ratio of the exposure in the source and back-
ground extraction regions for that observation. This scaling is applied to the background
counts as the background spectrum may vary between observations, and this correction
will account for how much each individual background spectrum is contaminating the
composite source spectrum.
To produce composite source/background spectra the AE tool merge observations is
used to first create a composite PSF, constructed from the average of the 1.5 keV PSFs
in each observation, weighted by the exposure in each observation. Only observations
taken at the same temperature are merged together to maintain consistency. The counts in
each observation’s extraction region are then summed to construct the composite source
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spectrum, whilst the composite background spectra are constructed by summing all the
scaled background counts.
2.4.1 ARFs and RMFs
The construction of Ancillary Response Files (ARFs) for each source in each individual
observation is achieved via the use of the CIAO tool mkarf. The ARF gives the effective
area of ACIS as a function of energy and has units of cm2 counts/photon; this is used by
spectral analysis packages. The mkarf tool constructs an ARF for each of the CCDs that
the source is observed on, summing the ARFs when a source is observed on more than
one. In constructing the ARF, aspect histograms (the aspect solution binned into a 3D
histogram of duration vs pointing offset and roll offset) must be supplied — these were
created for each CCD by using the CIAO tool asphist with the aspect solution, level 2 event
file and dead time correction factor for that observation supplied. The ARF is calculated
assuming a 100% EEF PSF, i.e. the entire PSF; to account for the counts that fell outside
the spectral extraction region the ARF is reduced to the PSF fraction computed by AE for
the source in that observation (target PSF EEF is 95%). The ARFs from each observation
are then combined into a composite ARF by using the FTOOL addarf using the exposure
in each observation as the weights.
A Response Matrix File (RMF) describes the relationship between X-ray photons,
energy, and the pulse heights. This information is stored in a 2D matrix that, when com-
bined with the ARF, can be used to predict the number of counts in a given channel that
would be produced by the source for a given spectral model. The CIAO tool mkacisrmf is
used to create the RMF at the source position on the CCD over a grid in energy and chan-
nel, using the appropriate gain file in the CALDB. A composite RMF is then constructed
using the FTOOL addrmf, again using the exposure in each observation as the weights.
2.5 Spectral Fitting
Once the composite source and background X-ray spectra for a particular source have
been extracted, they must be loaded into an X-ray spectral analysis package to extract any
significant information. In this thesis the XSPEC package (v12.4.0; Arnaud, 1996) is used
to analyse the X-ray data.
The basic implementation of spectral fitting by XSPEC is as follows. Source and
background spectra are loaded into the package, together with the RMF and ARF (which
describe the instrument and are constructed as in §2.4.1) appropriate for each source. A
model spectrum that is thought to represent the actual spectrum of a source (which is
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described by a few parameters) is chosen by the user. The model used in this thesis is
the wabs*zwabs*pow model, for which the parameters are the Galactic absorption (i.e.
neutral hydrogen column density) in the direction of the source, the intrinsic absorption
of the source and the photon index of the X-ray power-law. Initial values are chosen for
these model parameters and the predicted spectrum for the given instrument is calculated.
This predicted spectrum is then compared to the actual background-subtracted spectrum
and the parameters are varied until the best-fit between the two is found. The best-fit
values and 1σ confidence intervals for each parameter are then output by XSPEC, together
with a ‘goodness-of-fit’ parameter describing how well the final model parameters fit the
observed data.
2.5.1 Unobscured LX and NH column densities
The spectra are first grouped by channel, ensuring a minimum of 15 channels per bin,
using the FTOOL grppha. Channels which are listed as ‘bad channels’ in the headers
of the spectral files due to known issues are discarded; also removed are channels be-
low 0.5 keV and above 7.0 keV due to the high background outside this energy range
combined with the fact that the degradation of the ACIS QE (§2.1.3) is most severe at en-
ergies < 1 keV. The statistic used for this work is the Cash maximum-likelihood statistic
(C-statistic; Cash, 1979) as this provides a better alternative to the well-known and used
χ2 minimisation method when the sources considered have low numbers of counts, as in
this work.
The quantities most useful for this work are the unobscured X-ray luminosity, i.e.
corrected for absorption, and the associated neutral hydrogen column density which is
obscuring the X-rays. To calculate these values, a model accounting for only the Galactic
NH in the direction of the source and the photon index of the power-law (Γ) is first con-
structed using the XSPEC model wabs*pow. The Galactic NH values are obtained from
the Leiden/Argentine/Bonn (LAB) Galactic H  Survey5 (Kalberla et al., 2005), which
observed Galactic 21-cm emission to map the distribution of neutral hydrogen over the
entire sky. The photon index of the X-ray power-law is fixed at Γ = 1.9, an appropriate
value for this parameter (Nandra & Pounds, 1994). The normalisation of the model is left
as a free parameter and the best-fit is calculated and the C-statistic relating to the fit is
recorded. Next, a parameter describing the intrinsic absorption of the source (zwabs) is
added to the model; this takes the redshift of the source as input (which is fixed) with the
intrinsic neutral column density left free to vary. The fit is recalculated for this model,
which now includes the intrinsic absorption, and the unobscured luminosity (2–10 keV),
5http://www.astro.uni-bonn.de/w˜ebaiub/english/tools labsurvey.php
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flux (2–10 keV), NH and C-statistic values are recorded.
If the ‘reduced’ C-statistic (i.e., the C-statistic divided by the number of degrees of
freedom) reduces by at least 0.1 by using the model which includes intrinsic absorption,
then the best-fit parameters for this model are recorded. This value was chosen as it is the
minimum value which does not result in unreasonably low NH values which have such
large uncertainties that they are consistent with zero obscuration. If the fit did not get
better by including intrinsic obscuration then the model excluding obscuration is used to
calculate the 2–10 keV X-ray luminosity and the intrinsic obscuration is assumed to be
negligible (i.e. is set to zero). Errors on the luminosity are scaled from those of the 2–
10 keV flux derived from the best-fit model. In XSPEC, the errors on the flux are calculated
by randomly drawing sets of parameter values from a multivariate Gaussian distribution
centred on the best-fit parameters, then ordering the resulting fluxes and taking the central
90% range as the range of possible fluxes.
During spectral fitting, the case can sometimes arise where the lower limit on the
source flux (and hence luminosity) is found to be 0.0, meaning that the errors in the fit
are large enough so that the flux could be consistent with zero and only an upper estimate
can be made. It is noted that this only occurred in a small fraction of the fits (4%) and
for these sources only luminosities uncorrected for intrinsic obscuration are available.
When this did occur, the source photometry calculated via the pipeline (see §2.2.3) must
be used to estimate the X-ray luminosity. Again, XSPEC is used to calculate this using a
(fixed) Γ = 1.9 power-law model which includes the Galactic NH, obtained as above. The
model flux in the redshifted energy band that corresponds to the rest-frame 0.5–10 keV
band for each source is calculated and compared to the 0.5–10 keV flux derived from
the photometry, thus giving a measure of the brightness of the actual source compared
to the model, in the same energy band. The 2–10 keV luminosity for the above model
is calculated (using the source redshift) and then scaled by the flux ratio for that source;
this then results in luminosities which are uncorrected for obscuration with errors which
are scaled from the 0.5–10 keV flux. The cosmological parameters used in the luminosity
calculations were H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7 (note that ΩΛ = 0.73
and ΩM = 0.27 are used in Chapter 3).
Fluxes derived from the spectral analysis are compared to those estimated from the
photometry (using the Bayesian method) in Figure 2.7. This plot compares fluxes for
the 288 X-ray sources used in Chapters 4 and 5. A good agreement between the two is
observed. The few extreme outliers in this plot have very low numbers of counts (for
example, the most extreme outlier only has 8 full-band counts), and so the uncertainties
on the fluxes calculated via either method are very large. As an example of the results of
the fitting procedure, the spectrum and resulting fit for the X-ray source egs6 009 are also
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shown in Figure 2.8 — the model can be seen to be a good representation of the actual
source spectrum.
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Figure 2.7: The 2–10 keV fluxes derived from the spectral fitting procedures described
in §2.5 are compared to those estimated from the photometry using the Bayesian method
(black circles; see §2.2.3). Sources which only have upper flux limits derived from the
photometry available are shown as inverted triangles. There is a good agreement between
the two quantities.
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Figure 2.8: The resulting spectral fit for the X-ray source egs6 009 (2402 0.5–7 keV
counts) after applying the fitting procedures detailed in §2.5. This spectrum was fit using
the wabs*zwabs*pow model with parameters Γ = 1.9, Galactic absorption of NH =
2.34×1020 cm−2, z = 1.02217 and an intrinsic absorption of NH = 5.43×1021 cm−2. The
model fit represents a good approximation to the actual data.
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Chapter 3
AGN Activity in the z = 2.30
Protocluster in HS 1700+64
Overview
In this chapter I present the results of spectroscopic, narrow-band and X-ray observations
of a protocluster at z = 2.30 in the field of the quasar HS 1700+643, with the aim of deter-
mining the level of AGN activity in this dense environment compared to the field. Proto-
cluster AGN are first identified via high-ionisation emission lines in their optical/near–IR
spectra. This sample represents an enhancement over the field significant at ∼98.5%
confidence. Using Chandra/ACIS-I observations of continuum selected galaxies in the
protocluster reveals evidence for enhanced AGN activity in this environment, significant
at >99% confidence when compared to the field. Matching the X-ray sources to detected
Lyα emitters in the protocluster indicates increased levels of AGN activity compared to
the field, but only significant at 87% confidence. These results show that, generally, AGN
activity is enhanced in this protocluster — this may be due to the accelerated evolution of
member galaxies or the fact that AGN triggering events such as galaxy interactions and
mergers are more common in these pre-virialised structures than in the field environment.
The results of this study have been published in Digby-North et al. (2010).
3.1 Introduction
There is evidence that AGN may be more prevalent in high density regions. Studies of
X-ray selected AGN show that they are strongly clustered at z ∼ 1 (e.g. Miyaji et al.,
2007, and references therein), like the evolved, red galaxies which host them (Coil et al.,
2009). Many also appear to reside in group environments (Georgakakis et al., 2008a).
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In the vicinity of clusters, at least at z < 1, the X-ray source density appears enhanced
(e.g. Cappi et al., 2001; Martini et al., 2002; Cappelluti et al., 2005; Gilmour et al., 2009;
Kocevski et al., 2009). Spectroscopic and X-ray observations of low redshift clusters by
Martini et al. (2006) also show that a substantial number of their cluster galaxies exhibit
AGN activity and indicate that differing AGN identification methods result in significant
differences between the measured AGN fraction in these environments, and therefore its
subsequent relation to that of the field.
As the galaxy number density is much higher in clusters it is reasonable to also expect
a higher interaction and merger rate in these regions, and one hypothesis for the triggering
of AGN activity and the subsequent black hole growth at high-z also involves mergers
(see §1.2.1). In this scenario, it might therefore be expected that an enhancement in the
fraction of galaxies exhibiting signs of AGN activity in high-z overdense regions would be
observed when compared to the field — especially as these pre-virialised structures may
be the ideal place for efficient mergers of galaxies to result in increased AGN activity
(e.g. van Breukelen et al., 2009). Also, recent studies of the evolution of the X-ray AGN
fraction in clusters of galaxies (for z < 1.3) show a significant decrease in the observed
fraction of cluster galaxies hosting AGN over cosmic time (Eastman et al., 2007; Martini
et al., 2009), and so observations of higher redshift (z > 2) overdense regions become
increasingly important.
Studying the precursors of local massive clusters (i.e. “protoclusters”) at z > 2 might
thus reveal valuable information regarding the earliest (and most active) stages of cluster
formation, the progenitors of local massive cluster galaxies and how nuclear activity is
related to the local environment. The highest redshift protoclusters have been found by
searching for an excess of Lyα or Hα emitting galaxies near massive high-z radio galaxies
(e.g. Pentericci et al., 2000; Venemans et al., 2007), or during the course of spectroscopic
surveys for high redshift galaxies (e.g. Steidel et al., 1998). Some high redshift overdensi-
ties have been discovered in the vicinity of QSOs (e.g. Steidel et al., 2005; Stiavelli et al.,
2005; Zheng et al., 2006), with one being found in the field of one of the highest redshift
QSOs known to date (z = 6.43; Utsumi et al., 2010).
There are relatively few robustly established protoclusters (i.e. with large numbers
of spectroscopically confirmed members); the z = 3.09 protocluster in the SSA 22 field is
one such structure (Steidel et al., 1998). This field was found to have both an overdensity
of Lyman Break Galaxies (LBGs) and Lyman Alpha Emitters (LAEs). Lehmer et al.
(2009) studied the X-ray emission from the LBGs and LAEs in the protocluster, and
when compared to the field (at z ∼ 3) they claim suggestive evidence for an enhancement
of X-ray AGN (for log L8−32keV & 43.5 erg s−1) by a factor ∼5 and ∼7 for LBGs and
LAEs, respectively, significant at a combined level of ∼95 per cent. The HS 1700+64
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Figure 3.1: Redshift distribution for the 178 spectroscopically confirmed BX/MD galax-
ies with z > 1.5 in the HS 1700+64 field. The vertical dashed line indicates the redshift
of the QSO HS 1700+643 (z = 2.72). An overdensity of galaxies at z = 2.3 is observed,
as found by S05. Note that the spectroscopic sample discussed here is larger than that of
S05 due to subsequent identifications with Keck/LRIS-B.
field contains a similar overdensity of galaxies at z = 2.300 ± 0.015 (Steidel et al., 2005,
hereafter S05; Figure 3.1). This structure is predicted to virialise by z ∼ 0 with a cluster-
like mass scale of ∼1.4×1015 M⊙.
Due to the extensive multiwavelength data available in this field (see Figure 3.2),
the HS 1700 protocluster is an excellent laboratory for discerning AGN (and host galaxy)
properties in a very high density large-scale structure environment. Here a combination of
optical/near-IR spectroscopy, sensitive Chandra observations and narrow-band imaging
of the protocluster is utilised with the aim of testing these ideas.
Thoughout this chapter a standard, flat ΛCDM cosmology with ΩΛ = 0.73 and H0 =
70 km s−1 Mpc−1 is assumed. All magnitudes are quoted in the AB system (Oke & Gunn,
1983).
3.2 Observations
3.2.1 Optical Imaging and Spectroscopy
The Q1700 field was observed in the Un, G and R bands with the Prime Focus Imager
on the William Herschel 4.2 m telescope (15.3 × 15.3 arcmin) as part of the Steidel et al.
(2004) z ∼ 2 galaxy survey. In the Q1700 field, star-forming galaxies in the foreground to
the z = 2.72 QSO HS 1700+643 were targetted using the ‘BX’ optical photometric criteria
(Adelberger et al., 2004; Steidel et al., 2004; < z > = 2.20 ± 0.32) and the ‘MD’ criteria
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of Steidel et al. (2003; < z > = 2.73 ± 0.27). Follow-up spectroscopy, probing rest-frame
UV wavelengths, was taken with the LRIS-B instrument on the Keck I telescope (Steidel
et al., 2003, 2004). There are also 19 Hα redshifts available in the Q1700 field (Erb et al.,
2006) from the near-infrared spectrograph NIRSPEC on the Keck II telescope; Hα falls in
the Ks–band at z = 2.3 and so this was used in the selection of Hα emitters in the Q1700
field.
In total, there are 1710 photometric BX and MD candidate galaxies to R = 25.5;
1472 are identified as BX and 238 as MD. Secure spectroscopic redshifts are available
for 213 (∼12 per cent) of these; this spectroscopic sample consists of 175 BX galaxies
(∼12 per cent of the photometric BX sample) and 38 MD galaxies (∼16 per cent of the
photometric MD sample). Of the spectroscopic BX and MD samples, 147 BX galaxies
(∼84 per cent) and 31 MD galaxies (∼82 per cent) have z > 1.5; the mean redshift of
this BX/MD sample is < z > = 2.28 ± 0.31. Regarding protocluster membership, there
are 46 galaxies (40 BX and 6 MD) whose spectroscopic redshifts place them within the
bounds of the structure at z = 2.30 ± 0.04; this is ∼22 per cent of the spectroscopic
BX/MD selected sample. Objects contaminating the spectroscopic BX/MD sample were
low redshift (z < 1.5) star-forming galaxies (∼12 per cent) and stars (∼4 per cent).
The spectroscopic sample discussed here is larger than that of S05 due to subse-
quent identifications with Keck/LRIS-B. The additional spectroscopy was carried out by
C. C. Steidel and collaborators using the methods described in Steidel et al. (2003, 2004).
This updated redshift catalogue contains both emission-line and absorption-line redshifts.
The spectroscopic success rate (i.e., the fraction of targeted objects for which a redshift
was successfully measured) for this sample is 68.5%. The success rate in all fields is
primarily dependent on the weather conditions at the time of observation, with a rate of
90% achieved in the best conditions. For BX galaxies, which make up the majority of
this sample, the average success rate over all fields of the z ∼ 2 survey is 72% (Reddy
et al., 2008). The unidentified objects are expected to follow the same redshift distribu-
tion as the successes in all fields (see Steidel et al., 2004). Excluding the 9 stars in the
catalogue, there are 164 and 102 absorption-line and emission-line redshifts, respectively,
with 62 objects having both. If an object has a measured emission-line redshift then this
value is preferentially adopted, resulting in a spectroscopic sample comprised of 50%
absorption-line redshifts and 50% emission-line redshifts.
3.2.2 Chandra Observations
The HS 1700+64 field was observed by Chandra in November 2007 during Chandra
Cycle 8 (PI: Kirpal Nandra; Proposal Number 08900627), using the ACIS-I instrument
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Figure 3.2: Multiwavelength datasets available in the HS 1700+64 field. Shown are
the WHT optical (R–band) image (background; this also matches the extent of the Lyα
imaging); the HST/ACS F814W footprint is shown as the the four white squares; the
yellow square is the Hα observations; the red outline is the Spitzer/MIPS 24 µm coverage
whilst the red, green, blue and magenta rectangles represent the Spitzer/IRAC 3.6, 4.5,
5.8 and 8.0 µm observations; the cyan square shows the extent of the Chandra/ACIS-I
covered region. The yellow diamonds are narrow-band Hα detections (62); narrow-band
Lyα objects (123) are denoted as magenta crosses, with 6/123 of these being defined
as Lyα ‘blobs’ (see text), shown as green circles. Spectroscopically confirmed BX/MD
protocluster members (46) are shown as blue crosses. A green arrow shows the position
of the z = 2.72 background QSO HS 1700+643.
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(16.9 × 16.9 arcmin; §2.1.3). There were eight individual pointings totalling ∼200 ks of
exposure; the ObsIDs and other basic information are detailed in Table 3.1. The data
reduction was completed with the Chandra X-ray Center (CXC) Chandra Interactive
Analysis of Observations (CIAO) data analysis software, version 3.4, and the Chandra
calibration database (CALDB), version 3.3.
3.2.2.1 Data Reduction and Source Detection
Reduction of the Chandra data proceeded as described in §2.2 and L09. The resulting
source list comprises 161 band-merged detections, with each of these having a secure
(i.e. Ppoiss < Pthresh) detection in at least one of the four energy bands. The 161 X-ray
detections are shown in Figure 3.3, with the circles having a radii equal to the 90% EEF
PSFs of the sources. Blue circles show significant full–band detections (144 sources),
red show sources only significantly detected in the soft–band (12 sources) and cyan show
those only significantly detected in the hard–band (5 sources). There were no sources
solely detected in the ultrahard band. The degradation of the PSF with increasing OAA is
apparent from this figure — the radius of the 90% EEF PSF for detected sources ranges
from 1.2′′ at the aimpoint to >10′′ far off-axis. The position of the chip gaps between
the four ACIS-I CCDs is shown as a cross. At the aimpoint of the ACIS-I ∼200 ks ob-
servation, the hard-band (2–10 keV) X-ray luminosity limit is approximately L2−10keV ∼
6.5×1042 erg s−1 at z = 2.30. Any X-ray point sources that are detected above this limit
are assumed to be AGN based on their luminosity (e.g. Steffen et al., 2003). There are
also two foreground X-ray clusters in the HS 1700+64 field (see Mullis et al., 2003),
RXJ1700.7+6413 (at z = 0.225) and RXJ1701.3+6414 (at z = 0.453), which can clearly
be seen in Figure 3.3. As the extended X-ray emission from these objects can cause
problems when determining the sensitivity of the observations, two elliptical regions sur-
rounding the clusters are excluded when comparing protocluster and field X-ray selected
AGN populations (see Figure 3.5).
3.2.3 Narrow-band Imaging
Deep (22.5 hr integration) Lyα narrow-band imaging was obtained in this field (see Erb
et al. 2011, in prep) using a custom built narrow-band filter centred at 4010 Å with
FWHM ∼ 90 Å with the Large Format Camera on the Palomar 200 in Hale telescope
(P200) by C. C. Steidel and collaborators, who also reduced the data and produced the
source catalogue. The images reach narrow-band depths of NB < 25.5 (AB) and cover the
entire WHT field. As the 4010 Å filter bandpass falls between the Un and G broad-band
filters, an average of the Un and G measurements was used to predict the continuum level
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at 4010 Å. Lyα excess candidates were then selected based on the difference between
the NB4010 flux and that predicted for the continuum from the broad-band filters. The
criterion required for selection was NB4010 − UG ≤ −0.75, where NB4010 and UG
refer to the magnitudes of the narrow-band and continuum measurements, respectively.
This corresponds to a requirement of EWobs > 90 Å, where EWobs denotes the observed
Equivalent Width (EW).
There are 123 narrow-band excess objects satisfying these criteria in the HS 1700+64
field (Figure 3.2), 33 of which have spectroscopic redshifts. The fraction of spectroscopic
LAEs which lie at the protocluster redshift is∼88 per cent. Of this LAE sample, 19 objects
also have a BX/MD counterpart within a 1.5 arcsec radius of the LAE position. It is also
noted that the sample of LAEs includes 6 Lyα ‘blobs’ (LABs; e.g. Steidel et al., 2000; Dey
et al., 2005; Smith & Jarvis, 2007). The exact nature of these objects is unclear at present
but they are thought to be associated with AGN activity and/or intense star-formation,
possibly during the formation of massive galaxies, which can power the observed line
emission (e.g. Ohyama et al., 2003; Geach et al., 2009). The LABs in HS 1700+64 (see
Erb et al., 2011) were selected in the same way as the LAEs, but with the additional
requirement that the isophotal Lyα area was larger than 50 sq arcsec.
Also available are deep (21 hr) Hα narrow-band imaging in this field (see Erb et al.
2011, in prep) again obtained with the P200 by C. C. Steidel and collaborators, who also
produced the source catalogue used in this work. The imaging covers a central 9×9 arcmin
region of the field, roughly centred on the background QSO HS 1700+643 (yellow square,
Figure 3.2). The Bracket gamma filter centred at 2.17 µm with FWHM = 297 Å was used
to select the candidate Hα emitters at z = 2.3. The continuum estimate was obtained from
the Ks-band magnitude. Selection then required Brγ − Ks ≤ −0.6, where Brγ and Ks are
in magnitudes. This translates into EWobs > 220 Å. There are 62 Hα emitters (HAEs;
Figure 3.2) in the field which fulfil the selection criteria. Of these, 23 have spectroscopic
redshifts obtained from follow-up spectroscopy, with 12 that lie within the bounds of the
structure at z = 2.30; 18 HAEs have a BX/MD counterpart within 1.5 arcsec.
3.3 Results
3.3.1 Emission-line AGN
There are a number of BX/MD selected AGN in HS 1700+64 that have been identified
from their rest-frame UV and/or rest-frame optical spectra by C. C. Steidel and collabo-
rators. Of the 8 spectroscopically identified AGN in the field with zspec > 1.4, 5 are within
δz = ±0.04 of the protocluster central redshift (see Table 3.3). These objects have been
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Figure 3.3: Full-band (0.5–7 keV) Chandra image (∼17×17 arcmin) of the HS 1700+64
field. The image has been smoothed with a Gaussian filter using a radius of 2 arcsec.
Shown are the 90% EEF PSFs of the 161 band-merged X-ray detections, which have a
Poissonian false-probability of <4×10−6 in at least one of the four energy bands. Sources
significantly detected in the full–band are shown as blue circles; sources with significant
detections in the soft–band alone are shown as red circles whilst cyan circles denote
objects only significantly detected in the hard–band. There are no sources solely detected
in the ultrahard band. The degradation of the PSF can be seen to become more severe
with increasing off-axis angle. The two low redshift X-ray clusters RXJ1700.7+6413
(z = 0.225) and RXJ1701.3+6414 (z = 0.453) discussed in the text can clearly be seen in
the Chandra image.
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Table 3.1: Log of Chandra observations. (1): Observation ID number; (2): Nominal
right ascension of pointing; (3): Nominal declination of pointing; (4): Start date and time
of observation; (5): Filtered exposure time
ObsID RA Dec Start Time/Date Filt. Exp
(J2000) (J2000) (UT) (ks)
(1) (2) (3) (4) (5
8032 17 00 55.00 +64 11 26.70 2007-11-12 02:44:29 31.0
8033 17 00 55.00 +64 11 26.70 2007-11-20 01:12:58 29.7
9756 17 00 55.00 +64 11 26.70 2007-11-14 17:59:55 32.1
9757 17 00 55.00 +64 11 26.70 2007-11-13 17:47:55 20.7
9758 17 00 55.00 +64 11 26.60 2007-11-16 09:09:31 23.4
9759 17 00 55.00 +64 11 26.80 2007-11-17 09:08:16 31.2
9760 17 00 55.10 +64 11 26.70 2007-11-19 01:53:05 17.0
9767 17 00 55.00 +64 11 26.90 2007-11-21 09:32:28 9.0
identified as AGN based on the presence of high ionisation emission lines (e.g. NV, CIV,
HeII) in their rest-UV spectra, or based on the presence of broad Hα emission in their rest-
frame optical spectra. Most of these also exhibit photometric signatures of AGN in the
mid-IR from Spitzer/IRAC and MIPS observations (see Shapley et al., 2005). As there are
46 galaxies with spectroscopic redshifts that place them within the protocluster (i.e. with
zspec = 2.30 ± 0.04), this gives a protocluster BX/MD selected emission-line AGN fraction
of 10.9+7.4
−4.7 per cent (1σ errors calculated according to the prescription of Gehrels, 1986).
To determine if this represents a significant enhancement over that of the field, the sample
of zspec > 1.4 emission-line AGN in GOODS-N presented by Reddy et al. (2006) is used.
This is a sample of R < 25.5 BX/MD galaxies selected in exactly the same way as those
in the HS 1700+64 field — both fields were part of the Steidel et al. (2004) z ∼ 2 redshift
survey (which has very similar rates of spectroscopic completeness across all fields) and
so can be directly compared. There are 188 BX/MD galaxies with zspec > 1.4 in this field
— 4 of these are classed as AGN from the characteristic high-ionisation emission lines
found in their spectra. This is a field fraction of 2.1+1.7
−1.0 per cent and so an enhancement
of emission-line AGN in the protocluster by a factor 5.1+7.5
−4.9 (errors calculated following
Barlow, 2006) is found. It is noted that as redshifts can be more easily measured for AGN
with strong emission lines than for normal galaxies, the above AGN fractions may be
an overestimate. Even if this is the case, this will affect both samples in the same way
and so will not affect any observed enhancement of AGN activity in one sample over the
other. Fisher’s Exact (FE) analysis1 was performed to determine the significance of the
enhancement over the field — this technique indicates the result is significant at 98.4 per
cent confidence.
1http://www.quantitativeskills.com/sisa/statistics/fisher.htm
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3.3.2 X-ray selected AGN
To identify optical counterparts to the X-ray sources in HS 1700+64 the X-ray source list
was matched to the R–band catalogue of Steidel et al. (2004) using a likelihood ratio (LR)
method (e.g. Sutherland & Saunders, 1992; L09), which is described in detail in §2.3. To
begin, any systematic offset between the X-ray and optical catalogues was accounted for
by crudely matching the datasets using a 2 arcsec match radius and only bright (RAB < 24)
sources. Small systematic offsets of δRA= +0.03 arcsec and δDec.= +0.11 arcsec were
found to exist between the X-ray and optical catalogues; the X-ray source positions were
subsequently shifted to match the optical images. The area covered by both the optical
and X-ray imaging is ∼0.067 deg2.
LRs were calculated for all candidate counterparts within a 3 arcsec radius of each
X-ray source, as described in §2.3. Optical counterparts with LR > 0.5 were found for
86/134 X-ray sources with optical coverage to RAB = 25.5, giving an identification rate
of 64% with an expected contamination rate of ∼8.5%. This is similar to L09 who find
a DEEP2 optical identification rate of 67% (882/1317 of those with optical coverage) in
the 200 ks AEGIS Chandra data, when their identifications are restricted to LR > 0.5 and
RAB < 25.5. The final identifications, each having LR > 0.5 and a unique counterpart, are
listed in Table 3.2; the X-ray source position, positional offset, LR value and reliability
of each identification are given. The distribution of offsets between the X-ray sources
and the securely matched optical counterpart are shown in Figure 3.4, with ∼92% of the
matches having an offset <1.5′′ and ∼78% within 1′′; the median offset between the X-
ray and optical positions is 0.38′′. This sample of identifications was found to include
8 BX/MD selected galaxies (see Table 3.2), two of which have spectroscopic redshifts
which place them in the protocluster (Table 3.3).
The X-ray sources were also identified with LAE/HAE counterparts using the same
method. There were 4 (2) X-ray sources identified with an LAE (HAE) counterpart having
LR > 0.5; the expected contamination rate of this sample is ∼3.5 per cent (∼0.5 per cent)
and so all of these are expected to be real identifications. Two of the X-ray LAEs are
spectroscopic protocluster members and are also emission-line AGN (BNB3 and BNB10).
One of the two X-ray detected HAEs (NB57) is a continuum selected object and is also
one of the X-ray detected LAEs. Consequently, there is a small overlap between the
samples (see Table 3.3). One of the X-ray detected LAEs was found to be a QSO at low
redshift and so 4 X-ray emitting galaxies are considered to be members of the protocluster.
The spectra for the X-ray sources were extracted using the ACIS EXTRACT IDL pack-
age as described in §2.4. The luminosities of all X-ray sources (except J170118.7+640837)
were calculated using XSPEC as is described in §2.5. During the spectral fitting a power
law with photon index Γ = 1.9 (Nandra & Pounds, 1994) was assumed together with a
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Figure 3.4: Distribution of the offsets between X-ray sources and the likeliehood ra-
tio matched optical counterparts. The vast majority (92%) are matched to counterparts
within a 1.5′′ radius of the X-ray position.
Galactic line-of-sight H I column density of 2.28×1020 cm−2 (Kalberla et al., 2005), ap-
propriate for the HS 1700+64 field. Due to the low number of counts (see Table 3.3)
the spectral fitting of J170118.7+640837 yielded only an upper limit on the 2-10 keV
luminosity — the full-band (0.5–10 keV) source photometry was consequently used to
calculate this object’s luminosity, as described in §2.5. The 0.5–10 keV flux was used
together with the above spectral model to estimate the 2–10 keV X-ray luminosity, un-
corrected for intrinsic absorption. The uncertainties quoted in Table 3.3 are scaled from
those of the 0.5–10 keV flux, as determined from the photometry.
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Table 3.2: Optical Identifications for the X-ray sources in HS 1700+64. (1): X-ray
catalogue ID; (2): Right Ascension; (3): Declination; (4): X-ray/Optical offset; (5): R–
band magnitude; (6): LR value; (7): Reliability of the identification; (8): BX/MD ID
XID RA Dec r R LR Rel BX/MD?
(J2000) (J2000) (′′) (AB)
(1) (2) (3) (4) (5) (6) (7) (8)
hs1700 002 255.475448 64.120192 0.20 24.09 3.69 0.8983 ...
hs1700 003 255.412625 64.134829 0.38 23.59 17.97 0.9773 ...
hs1700 004 255.371873 64.163553 0.39 23.84 14.58 0.9721 ...
hs1700 005 255.367391 64.226000 0.19 20.59 64.54 0.9936 ...
hs1700 006 255.305372 64.132942 0.16 22.31 37.29 0.9889 ...
hs1700 008 255.296940 64.127615 0.12 22.78 34.41 0.9880 ...
hs1700 012 255.238011 64.275069 0.84 25.30 1.35 0.7643 ...
hs1700 013 255.233881 64.273015 0.98 22.36 9.08 0.9560 ...
hs1700 014 255.217650 64.258143 0.31 24.35 9.57 0.9582 MD157a
hs1700 015 255.215255 64.233926 0.22 20.38 216.86 0.9981 ...
hs1700 017 255.182706 64.114059 0.09 22.87 33.38 0.9876 ...
hs1700 018 255.174804 64.254044 0.42 20.48 57.79 0.9928 ...
hs1700 020 255.141161 64.132456 0.06 21.14 45.61 0.9909 ...
hs1700 021 255.134140 64.217256 0.08 25.51 8.66 0.9540 ...
hs1700 023 255.085179 64.185735 0.03 19.65 195.99 0.9979 ...
hs1700 024 255.075162 64.218618 0.19 23.74 19.07 0.9786 ...
hs1700 027 255.451961 64.210628 0.26 22.01 36.57 0.9887 ...
hs1700 028 255.437560 64.260255 1.07 19.99 21.97 0.9813 ...
hs1700 029 255.362118 64.149188 0.31 23.10 26.76 0.9846 ...
hs1700 031 255.338829 64.251616 0.36 23.82 15.29 0.9734 ...
hs1700 032 255.323475 64.198800 0.36 23.41 44.40 0.9907 ...
hs1700 033 255.276917 64.157316 0.58 23.63 13.29 0.9695 ...
hs1700 034 255.275516 64.106763 0.10 23.23 29.19 0.9859 ...
hs1700 035 255.262772 64.165794 0.49 22.57 37.53 0.9890 ...
hs1700 037 255.236358 64.322599 1.34 19.70 24.01 0.9829 ...
hs1700 039 255.205325 64.098768 0.23 22.97 29.99 0.9284 ...
hs1700 042 255.143239 64.136595 0.04 24.94 5.78 0.9326 ...
hs1700 044 255.111305 64.244781 0.27 22.77 31.69 0.9870 ...
hs1700 045 255.102865 64.087103 0.30 21.83 10.46 0.9616 BX108
hs1700 046 255.101883 64.228473 0.68 23.49 12.10 0.9666 ...
hs1700 047 255.092741 64.295613 0.26 21.56 10.79 0.9627 ...
hs1700 048 255.009105 64.305683 0.30 21.92 10.31 0.9611 ...
hs1700 049 255.004578 64.286939 0.22 23.89 4.45 0.9142 MD187
hs1700 050 255.002779 64.111990 0.34 22.49 9.27 0.9569 ...
hs1700 051 254.995179 64.291004 0.12 20.39 21.35 0.9808 ...
hs1700 052 254.994239 64.198397 0.14 21.61 10.96 0.9633 BX669
Continued on next page. . .
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Table 3.2 — continued from previous page
XID RA Dec r R LR Rel BX/MD?
(J2000) (J2000) (′′) (AB)
(1) (2) (3) (4) (5) (6) (7) (8)
hs1700 053 254.983917 64.222275 1.11 22.24 6.38 0.9385 ...
hs1700 056 255.498788 64.100367 1.77 22.75 2.75 0.8683 ...
hs1700 057 255.473654 64.103395 0.29 19.98 33.43 0.9877 ...
hs1700 058 255.461378 64.260040 0.28 25.09 1.25 0.7502 ...
hs1700 060 255.410361 64.247440 0.35 25.24 3.48 0.8928 ...
hs1700 061 255.394059 64.191191 0.33 24.43 8.56 0.9535 ...
hs1700 068 255.177351 64.089959 0.10 23.12 7.98 0.9502 ...
hs1700 070 255.082809 64.067246 1.73 23.35 2.21 0.8413 ...
hs1700 071 255.063955 64.290886 0.33 20.93 12.92 0.9687 ...
hs1700 073 254.975277 64.070647 2.22 23.96 0.81 0.6588 ...
hs1700 074 254.946236 64.256397 1.13 22.82 5.49 0.9292 ...
hs1700 075 254.937173 64.201176 0.22 23.90 4.41 0.9134 ...
hs1700 081 255.491909 64.152922 1.17 23.35 4.13 0.9082 MD65
hs1700 083 255.467530 64.216604 0.35 25.48 0.71 0.6286 ...
hs1700 085 255.384282 64.283536 0.68 19.63 43.78 0.9905 ...
hs1700 087 255.221617 64.314679 0.45 23.51 5.72 0.9319 ...
hs1700 089 254.980558 64.283394 0.45 23.35 6.50 0.9396 BX1217
hs1700 092 255.434553 64.272609 1.03 21.61 7.32 0.5051 ...
hs1700 093 255.366156 64.074617 1.55 22.52 3.81 0.9012 ...
hs1700 094 255.114114 64.082665 0.59 23.19 6.83 0.9424 ...
hs1700 096 255.046413 64.066955 2.77 20.45 1.03 0.7122 ...
hs1700 097 255.488622 64.175817 0.37 23.94 4.10 0.9075 ...
hs1700 099 255.137055 64.090447 1.04 21.65 7.22 0.9453 BX116a
hs1700 102 254.926393 64.124598 0.30 23.82 4.68 0.9181 ...
hs1700 108 255.258220 64.228799 0.38 24.15 21.91 0.9813 ...
hs1700 109 255.252821 64.191179 0.26 19.12 894.97 0.9995 ...
hs1700 110 255.182027 64.168516 0.01 19.78 563.96 0.9993 ...
hs1700 112 255.354675 64.212444 0.46 25.00 3.98 0.9049 ...
hs1700 121 255.081541 64.217063 0.41 22.18 30.94 0.9867 ...
hs1700 122 255.011179 64.313310 1.15 21.88 3.90 0.6713 ...
hs1700 123 255.472802 64.229900 1.04 25.00 0.94 0.6915 ...
hs1700 124 255.391425 64.195929 0.28 23.99 14.12 0.9713 ...
hs1700 125 255.364957 64.184947 0.20 25.48 2.69 0.8655 ...
hs1700 126 255.306601 64.165983 0.44 24.14 17.29 0.9764 ...
hs1700 127 255.164116 64.116771 1.24 23.75 1.98 0.8258 ...
hs1700 128 255.474755 64.188848 0.61 20.01 28.82 0.9857 ...
hs1700 129 255.379242 64.129636 0.44 19.91 108.58 0.9962 ...
hs1700 131 255.301767 64.283820 0.61 19.87 86.32 0.9952 ...
hs1700 134 255.064358 64.156093 0.88 25.11 1.51 0.7838 ...
Continued on next page. . .
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Table 3.2 — continued from previous page
XID RA Dec r R LR Rel BX/MD?
(J2000) (J2000) (′′) (AB)
(1) (2) (3) (4) (5) (6) (7) (8)
hs1700 135 255.036954 64.243986 1.45 23.17 1.31 0.4944 ...
hs1700 136 254.996935 64.154065 0.42 23.22 7.23 0.9454 ...
hs1700 138 255.283700 64.294729 0.12 24.20 3.36 0.8894 ...
hs1700 139 255.278295 64.298916 0.53 20.87 12.52 0.9677 ...
hs1700 145 255.238466 64.230309 0.31 20.74 121.61 0.9966 ...
hs1700 146 255.318711 64.136593 0.82 25.37 1.27 0.7518 ...
hs1700 149 255.435407 64.248329 1.74 24.23 1.01 0.7067 BX975
hs1700 152 255.068171 64.183431 1.14 22.89 4.74 0.9191 ...
hs1700 157 255.177485 64.190708 0.35 23.36 49.24 0.9916 ...
hs1700 158 255.271073 64.149623 0.57 23.40 17.39 0.9765 ...
hs1700 161 255.264903 64.296542 1.85 21.37 2.96 0.8762 ...
aSpectroscopically confirmed protocluster members — see text
3.3.2.1 BX/MD
Of the 8 X-ray sources identified with a BX/MD selected counterpart, 5 are identified
with a BX galaxy and 3 with an MD galaxy. One of these X-ray detected MD galaxies is
a spectroscopically confirmed protocluster member (MD157; z = 2.293); this object has
an unobscured 2–10 keV X-ray luminosity of L2−10keV = 4.0+0.7−0.6 × 1044 erg s−1, and is also
a broad-line AGN (see Shapley et al., 2005). One of the 5 X-ray detected BX galaxies
(BX116) is a bright (R = 21.65), broad-line QSO (due to broad Lyα, NV, SiIV and CIV
emission lines in its spectra) which also has a spectroscopic redshift that places it within
the overdensity (z = 2.269). This object has an unobscured X-ray luminosity of L2−10keV =
1.0+0.7
−0.5 × 1043 erg s−1. The remaining 6 BX/MD X-ray detections have no spectroscopic
information available. Table 3.3 lists some basic information regarding the properties of
the four X-ray detected AGN, together with the three BX/MD objects identified as AGN
solely from their optical/near–IR spectra.
To assess whether any enhancement of X-ray selected AGN activity in the protoclus-
ter BX/MD sample is observed, a field sample of BX/MD galaxies was constructed from
the X-ray detected BX/MD fraction in the Groth Westphal Strip (GWS; 200 ks; Geor-
gakakis et al., 2006; Laird et al., 2006) and the GOODS-N region of the Chandra Deep
Field-North (CDF-N; 2Ms; Laird et al., 2006; Reddy et al., 2006). Again, the field and
protocluster BX/MD samples are part of the same redshift survey (Steidel et al., 2004)
and so can be directly compared; the samples are selected according to the same criteria
and have similar rates of spectroscopic completeness. There are 1700 BX/MD galaxies in
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the comparison fields, of which 9 are X-ray detected. To ensure that the spatially varying
X-ray detection limit characteristic of any Chandra observation is taken in to account,
sensitivity maps for HS 1700+64 were constructed by Dr. A. Georgakakis according to
the methods described in Georgakakis et al. (2008b). Due to the presence of the two low
redshift X-ray clusters known to be in the HS 1700+64 field (see §3.2.2.1), two elliptical
regions around these objects were excluded from the analysis (see Figure 3.5). These were
excluded as determining the sensitivity of the observations in the vicinity of these clusters
becomes problematic due to the X-ray emission from the clusters. The ellipses were cen-
tred on the clusters and total an area of ∼25.3 sq arcmin; the exclusion of this area results
in 17 BX/MD protocluster galaxies being removed from the subsequent analysis, none of
which are X-ray detected. The positions of the remaining 29 spectroscopically confirmed
BX/MD protocluster galaxies in the full-band (0.5–10 keV) sensitivity, background and
exposure maps were used together with an XSPEC model (consisting of a power law and
the above value for the Galactic absorption), to determine that the protocluster X-ray
BX/MD AGN fraction is 6.9+9.2
−4.4 per cent for AGN with L2−10keV ≥ 4.6 × 1043 erg s−1 at
z = 2.30. To calculate the corresponding AGN fraction that would be expected in the pro-
tocluster based on the field sample, the numbers of field AGN that the observations would
be sensitive to at each protocluster galaxy position were summed, to find an average ex-
pected BX/MD AGN fraction of 0.35+0.21
−0.14 per cent. This means ∼0.10 BX/MD selected
AGN would be expected in the protocluster based on the field. When this is compared
to the 2 AGN that are actually observed, this represents an enhancement of protocluster
BX/MD X-ray AGN over the field — the FE method quantifies this result as significant
at 99.3 per cent confidence. If some fraction of the 6 X-ray BX/MD galaxies without
spectroscopic information are also located within the overdensity then this would imply a
more significant result.
Regarding the overlap between the protocluster AGN detected via their X-ray emis-
sion and those classified via emission lines in their optical/near-IR spectra, the two X-ray
detected BX/MD protocluster galaxies (MD157 and BX116) are both also identified as
AGN from their spectral emission lines (Table 3.3). The remaining three emission-line
AGN are not found to be associated with X-ray sources.
3.3.2.2 Lyα and Hα
Using the deep Lyα (rest wavelength 1216Å) narrow-band imaging of the HS 1700+64
field, there are 123 objects showing a Lyα excess, 4 of which are associated with X-ray
sources. Of these four, one is a QSO at z = 1.567 and two are the BX/MD objects noted
above (MD157 and BX116), which are both spectroscopically confirmed protocluster
members. The remaining LAE has no spectroscopic information available — the unob-
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Figure 3.5: Chandra full band image of the HS 1700+64 field. Black boxes rep-
resent X-ray detections associated with the protocluster; spectroscopically confirmed
BX/MD protocluster members are denoted with a blue cross; red circles show protoclus-
ter emission-line AGN; X-ray detected protocluster Lyα objects are the green diamonds;
small magenta squares denote protocluster Hα narrow-band detections associated with X-
ray sources; the ellipses centred on the two foreground clusters are the regions excluded
from the X-ray analysis and the magenta arrow shows the position of the background
QSO HS 1700+643.
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scured X-ray luminosity for this object was calculated using the Lyα redshift (z = 2.3).
As ∼88 per cent of the spectroscopic LAEs were found to lie at the protocluster redshift
and both MD157 (=BNB10) and BX116 (=BNB3) are confirmed protocluster members,
it is assumed that the third LAE (BNB110) is also a protocluster member. The three X-ray
emitting LAEs associated with the protocluster are shown in Figure 3.5.
The field sample used to assess any enhancement of X-ray LAEs in the protocluster
was that from the z = 3.1 blank field survey of the Extended Chandra Deep Field-South
(E-CDFS; Gronwall et al., 2007) — this comparison sample was also utilised by Lehmer
et al. (2009) to study the X-ray emitting LAEs in the z = 3.09 protocluster in SSA 22.
Excluding the aforementioned regions around the foreground clusters from the analysis
results in the removal of 17 LAEs from the sample, leaving 106 objects. Of these, 3
have confirmed redshifts which lie outside the overdensity and are also removed from
the protocluster LAE sample. The sensitivity information at the position of each LAE is
then used to calculate that the fraction of protocluster LAEs harbouring an X-ray AGN
is 2.9+2.9
−1.6 per cent for AGN with L2−10keV ≥ 4.6 × 1043 erg s−1 at z = 2.30. To make fair
comparisons to the higher redshift LAEs, the narrow-band detection limit of the ECDF-S
sample (NB < 25.4) was applied to the z = 2.3 sample, accounting for the redshift dif-
ference between the two. This results in 62 HS 1700+64 LAEs in which it is possible
to detect an AGN with the above X-ray luminosity, with 2 of these LAEs being detected
in the X-ray data and which also satisfy the narrow-band detection limit. There are 259
LAEs in the Gronwall et al. (2007) field sample of which 257 are covered by the Chan-
dra data (Lehmer et al., 2005; Luo et al., 2008). Two of the ECDF-S LAEs are X-ray
detected — one of these was a low redshift (z = 1.6) AGN (see Lehmer et al., 2009)
and was removed from the sample. The other LAEs (including the X-ray source) are
assumed to lie at z = 3.1 as indicated by previous spectroscopic observations (Gawiser
et al., 2006; Gronwall et al., 2007). Sensitivity maps for the ECDF-S, again created by
Dr. A. Georgakakis, were used as in §3.3.2.1 to determine that the observations are sen-
sitive to AGN with L2−10keV ≥ 4.6 × 1043 erg s−1 (at z = 3.1) at 212 of the 256 LAE
positions. Comparing these protocluster (2/62) and field (1/212) X-ray LAE populations
yields an enhancement of 6.8+4.3
−2.2. When the FE analysis is applied this result is found to
be significant at only 87 per cent confidence, which is not considered to be indicative of a
significantly enhanced population of X-ray protocluster LAEs over the field population.
It is also noted that of the 6 LABs in the Lyα narrow-band selected sample, none
were found to be associated with X-ray sources. Applying the LAB selection criteria in
HS 1700+64 (i.e. EWobs > 90Å, NB < 25.5 and isophotal Lyα areas >50 arcsec2) to the
29 LABs with Chandra coverage in the SSA 22 protocluster (Matsuda et al., 2004; Geach
et al., 2009), again accounting for the redshift difference and the deeper narrow-band
3.4 Discussion 72
imaging in SSA 22, results in a sample of 5 SSA 22 LABs (their LABs 1, 2, 3, 4 and 5).
Two of these are detected in the X-ray data (LAB2 and LAB3) giving an X-ray detected
LAB fraction of 2/5. Based on the X-ray fluxes the data are sensitive to at the positions of
the 6 LABs (using the methods outlined in the previous section) and the fluxes of LABs
2 and 3 from Geach et al. (2009), it would be expected that, on average, 2 of the 6 LABs
would be detected in the X-ray data. The FE method quantifies the lack of a detection in
HS 1700 as being consistent with the results from SSA 22.
Regarding the 62 Hα narrow-band objects in this field, two are found to be detected
in the X-ray data. One of these is MD157 (Table 3.3) whilst the other has an estimated
X-ray luminosity of L2−10keV = 1.2+0.7−0.6 × 1043erg s−1, uncorrected for intrinsic absorption
(see §3.3.2). This object is also classified as a Distant Red Galaxy (DRG), characterised
by having near-infrared colours that satisfy J − Ks > 2.3 (Franx et al., 2003). Due to the
lack of an appropriate field comparison sample it is not possible to quantify whether or
not these detections represent an enhancement over the field population.
3.4 Discussion
Considering the overlap between the emission-line and X-ray selected AGN in the
BX/MD sample, it is noted that there are five emission-line AGN which are members
of the protocluster, with two of these detected in the X-ray data. This may seem discon-
certing as X-rays are generally very penetrating and can overcome obscuring columns
of .1024 cm−2 (although for column densities above this the source becomes Compton-
Thick to X-rays) — it may therefore be expected that a higher fraction of the emission-line
AGN would be detected at X-ray wavelengths. In the GOODS-N field however, Reddy
et al. (2006, Table 5) found 4 BX/MD selected galaxies that were classified as AGN based
on emission lines in their optical spectra. Of these, two (i.e. 50 per cent) had an X-ray
counterpart within 1.5 arcsec in the 2Ms CDF-N data (Alexander et al., 2003), completely
consistent with the HS 1700+64 fraction (2/5) within the errors. This could indicate that
the emission-line AGN are highly obscured or that the X-ray and emission-line AGN are
two relatively independent populations.
Recent studies of ten X-ray selected groups and six clusters at z < 0.06 by Arnold
et al. (2009) also find that the emission-line AGN population seems to be disconnected
from the X-ray selected population - out of the 14 emission-line and six X-ray selected
AGN in their study, only one was detected in both the X-ray data and via emission-
line diagnostics. Other results which seem to support this include X-ray observations
of clusters finding a significantly larger number of AGN than identifications made via op-
tical emission-line diagnostic methods (e.g. Martini et al., 2006), whilst optically-selected
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Table 3.3: Properties of Protocluster AGN. (1): Source R.A. (if no optical position then n.b. position is adopted); (2): Source Declination; (3):
BX/MD continuum-selected ID (from Steidel et al., 2004); (4): X-ray ID (J2000); (5): Lyα ID; (6): Hα ID; (7): Spectroscopic Classification
(‘QSO’ denotes objects with emission features broader than 2000 km s−1); (8): Redshift; (9): Total X-ray counts (0.5–7 keV); (10): 2–10 keV
band unobscured X-ray luminosity (uncertainties are 1σ and scaled from those of the 2–10 keV flux)
R.A. Dec. BX/MD ID X-ray ID Lyα NB ID Hα NB ID Spectroscopic z Cts L2−10keV
(J2000) (J2000) (CXO) Class (×1043 erg s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
255.136999 64.090158 BX116 J170032.9+640525 BNB3 - QSO 2.269 34 9.98+7.12
−5.17
255.217612 64.258058 aMD157 J170052.2+641529 BNB10 NB57 AGN 2.293 213 40.29+6.68
−5.77
255.327842 64.143885 - J170118.7+640837 - NB6 - c2.3 11 d1.23+0.70
−0.55
255.481296 64.234314 - J170155.4+641402 BNB110 - - c2.3 39 3.85+0.47
−0.54
255.198546 64.162372 bMD69 - - NB16 AGN 2.286 - -
255.175234 64.189997 aMD94 - BNB165 - AGN 2.333 - -
255.227411 64.273479 aMD174 - - - AGN 2.338 - -
aFurther details on the AGN identification of these objects can be found in Shapley et al. (2005).
bHints of AGN activity are observed in this object’s near-IR and optical spectra. He II and N II emission is observed, together with a ratio [NII]/Hα ∼ 0.5 and excess
8 µm emission (see Shapley et al., 2005).
cAssumed redshift for luminosity calculation.
dThe luminosity for this object was calculated from the source photometry, not from the source spectrum, and is uncorrected for intrinsic absorption. Uncertainties are
scaled from those of the 0.5-10 keV flux. See §3.3.2 for details.
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groups of galaxies are found to harbour a higher fraction of emission-line AGN compared
to X-ray selected AGN (e.g. Shen et al., 2007). Arnold et al. (2009) suggest that the ap-
parent disjointed nature of these two populations could reflect differing accretion modes
for emission-line and X-ray selected AGN; they claim that systems in various stages of
virialization could have different dominant accretion modes and subsequently harbour a
larger fraction of one type of AGN. Within this framework, the non-virialised nature of
the HS 1700 protocluster would result in a larger population of emission-line AGN being
observed compared to that of the X-ray selected population — the results from this study
are consistent with this idea.
3.4.1 Morphologies of the AGN Host Galaxies
To test the idea of mergers/galaxy interactions being the primary triggering mechanism
behind the observed AGN activity, the HST/ACS i-band (F814W) imaging available in
this field (Peter et al., 2007) was used to search for evidence of recent or ongoing merger
activity. It must be borne in mind, however, that at z = 2.3 the rest-frame UV morphology
of the galaxies is being probed with the F814W filter, not the optical morphology — this
means the images are sensitive to the brightest star-forming regions of galaxies and not
to the overall mass distribution or dust content. Four AGN from Table 3.3 lie on the ACS
footprint (see Figure 3.2) in the HS 1700+64 field — MD157, MD174, MD69 and MD94.
Three of these (MD157, MD69 and MD94) exhibit disturbed morphologies with multi-
ple nuclei and extended emission (Figure 3.6). It is difficult to determine whether these
characteristics are an indication of past merger events or galaxy interactions — galaxies
at z > 2 are known to be highly irregular and not as easily classified into Hubble types as
their local counterparts are. As a result, even obviously disturbed morphologies cannot be
directly linked to major mergers (see Law et al., 2007, and references therein). Quantative
morphological comparisons to the non-AGN population in these high-z protoclusters are
needed to determine if the distribution of AGN host galaxy morphologies is statistically
different to that of the inactive protocluster galaxies and whether these differences, if any,
are related to the incidence of mergers/galaxy interactions — this is beyond the scope
of this work. Also, Peter et al. (2007) did not find any evidence for the morphology of
the general BX/MD galaxy population being a function of environment in this field —
this is unlike the situation at low redshift where morphology is a function of the galaxy
number density (Dressler, 1980), and where disturbed galaxies are usually indicative of a
recent/ongoing merger event. This also indicates that attributing specific processes (e.g.
galaxy interactions) to z > 2 galaxies based on their morphology should only be done
in an extremely cautious and quantative manner, not just by the (apparently) disturbed
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nature of the galaxy’s morphology.
Figure 3.6: HST/ACS F814W (i–band) images of the four AGN covered by the ACS
imaging. From left to right images are: MD174, MD94, MD157 and MD69. The thumb-
nails are 4′′×4′′ and are centred at the optical (R–band) position. MD94, MD157 and
MD69 show disturbed morphologies with multiple nuclei, which may not necessarily be
an indication of a recent merger/interaction (see text for details).
3.4.2 Comparison to the Protocluster in the SSA 22 field
The results from HS 1700+64 can be compared to those of Lehmer et al. (2009), who
examined the X-ray AGN content of a higher redshift protocluster at z = 3.09 in the
SSA 22 field. They claim a suggested enhancement of X-ray LBGs with log L8−32keV &
43.5 erg s−1 is found in the protocluster, quoting a confidence level of ∼76 per cent.
They also claim an excess of X-ray LAEs for protocluster AGN with log L8−32keV &
43.5 erg s−1, quoting the result is significant at ∼78 per cent confidence. When taken
alone, these results do not represent convincing evidence for enhanced AGN fractions
and it is only by combining the X-ray LBGs and LAEs that the authors inferred an excess
AGN content at ∼95 per cent confidence, by a mean factor of 6.1+10.3
−3.6 . They attribute this
to the presence of more actively growing and/or more massive SMBHs residing within
the protocluster. In the HS 1700+64 protocluster there is evidence for an enhancement
of X-ray BX/MDs, independently significant at >99 per cent confidence for AGN with
L2−10keV ≥ 4.6 × 1043 erg s−1. Using the FE analysis, the factor by which the fraction
of protocluster X-ray LAEs is greater than that of the field (6.8+4.3
−2.2) is found only to be
significant at 87 per cent confidence which, similar to the LAE result found for SSA 22,
is not considered to be indicative of evidence for an enhanced X-ray LAE population.
The simplest explanation for any observed excess of AGN activity in these proto-
clusters is that they contain more massive galaxies than the field. Galaxies within the
SSA 22 protocluster have inferred stellar masses a factor ≥ 1.2 − 1.8 greater than field
galaxies (Lehmer et al. 2009), and are ∼2 times as large for the HS 1700+64 protocluster
(S05). Protocluster galaxies are also found to be significantly more evolved, on average,
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in terms of their stellar populations. At lower redshifts, X-ray emitting AGN are known
to be hosted by massive, red galaxies (e.g. Nandra et al., 2007, hereafter N07; Bundy et
al., 2008). Hence one explanation for the observed excess of AGN activity may simply be
that protocluster galaxies have more massive and well developed bulges than field galax-
ies, and so a higher fraction of protocluster galaxies that exhibit AGN activity is observed.
This stellar mass relation is explicitly investigated in Chapter 5.
Another possibility is that pre-virialised structures, such as the HS 1700+64 proto-
cluster, may be ideal sites for efficient mergers and galaxy interactions to take place (van
Breukelen et al., 2009); these structures most likely contain small galaxy groups that are
merging together and which have low internal velocity dispersions (few hundred km s−1),
the perfect conditions under which the triggering of AGN activity can occur (e.g. Mihos,
2004), as large amounts of gas can be funnelled towards the central regions during galaxy
mergers (e.g. Barnes & Hernquist, 1996; Mihos & Hernquist, 1996), providing the nec-
essary fuel for nuclear accretion. This would result in higher X-ray AGN fractions being
observed even when accounting for the increased bulge masses of protocluster galaxies
compared to field galaxies (at a similar redshift). In addition, Georgakakis et al. (2008a)
find that X-ray selected AGN at z ∼ 1 are more likely to be found in groups than op-
tically selected galaxies, supporting this idea. These groups, which may also be found
in protoclusters, are unlike the central regions of massive clusters where efficient inter-
actions/mergers are suppressed (see §1.2.2). In these structures the typical velocity of
galaxy interactions is much higher and they occur over short timescales and so are not
as likely to form a bound pair, with the energy input from the collision being much less
than ones that occur at lower velocities. Furthermore, cluster specific processes such as
ram-pressure stripping, tidal stripping and galaxy harassment are not expected to remove
the cold gas, the fuel needed for nuclear accretion and subsequent black hole growth, in
groups of galaxies to the degree that is expected in massive clusters.
3.4.3 X-ray LAEs
With regard to the X-ray emitting LAE population in the HS 1700+64 protocluster, when
making a fair comparison to the z = 3.1 ECDF-S field sample the fraction of LAEs which
harbour an AGN with L2−10keV ≥ 4.6 × 1043 erg s−1 in HS 1700 (2/62) is only signifi-
cant at 87 per cent confidence when compared to that of the field (1/212). This result
is not considered to represent evidence for an enhanced X-ray LAE fraction. It is noted
however, that this field LAE sample is at a much greater redshift than the HS 1700+64
protocluster and so may not be representative of the LAE population at z = 2.3. Indeed,
recent studies of LAEs as a function of redshift have revealed significant evolution in the
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intrinsic properties of these galaxies between z ∼ 3 and z = 2.25 (Nilsson et al., 2009).
The authors of this study concluded that AGN contribute more to the LAE population at
z ∼ 2 than at z ∼ 3. Recent results from Guaita et al. (2010), who studied a sample of
250 z = 2.1 LAEs in the ECDF-S, also support a higher AGN fraction being present at
these redshifts with the authors noting that the number density of X-ray detected AGN in
their sample is consistent with that of Nilsson et al. (2009), and that their corresponding
X-ray AGN fractions are also consistent when restricting their sample to the same Lyα
luminosity limit. Even more recently, Bongiovanni et al. (2010) used Herschel/PACS data
in GOODS-N to search for far-infrared counterparts to LAEs, fitting the SEDs and finding
that a large fraction (75%) were best fit with AGN or composite templates, which they
suggest is due to a rapid evolution of the LAE AGN fraction from z = 3.1 to z = 2.2, or
alternatively a high fraction of obscured AGN that are being missed in other studies. The
fraction of their LAEs detected in X-rays is found to be an order of magnitude higher than
the Gronwall et al. (2007) sample when accounting for both the rest-frame EW and Lyα
luminosity limits of the samples.
Consequently, the z ∼ 2 X-ray LAE field fraction would be expected to be larger
than at z ∼ 3, and the fraction of X-ray LAEs in HS 1700+64 would be expected to
be even less significant when compared to the field, meaning that the conclusion that
the X-ray LAE fraction in HS 1700 is not significantly enhanced over the field would
still hold. Furthermore, no X-ray emitting LABs are observed in HS 1700+64, unlike
the situation in the higher redshift protocluster in SSA 22 (Geach et al., 2009). If AGN
activity was indeed exciting the Lyα emitting population due to the dense environment at
z ∼ 2, then perhaps one would expect to detect some fraction of the LABs in the X-ray
data. However, of the sample of 5 LABs from Geach et al. (2009) that fulfil the LAB
selection criteria in HS 1700+64, the two X-ray detected objects are at least factor of two
brighter in Lyα luminosity than the LABs in HS 1700+64. The lack of a X-ray detection
in the 6 HS 1700+64 LABs is also quantitatively consistent with the 2/5 X-ray detected
LAB fraction in SSA 22. The relationship between the AGN fraction in LAEs and LABs
in dense environments is therefore yet to be understood properly and more data is required
to accomplish this.
3.5 Summary
The results of spectroscopic, narrow-band and Chandra observations of a z = 2.30 proto-
cluster in the field of the QSO HS 1700+643 have been presented. There is evidence for an
enhancement of emission-line selected AGN in this protocluster, significant at ∼98.5 per
cent confidence when compared to a similarly selected field sample from GOODS-North.
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There is also evidence for an enhancement of X-ray detected BX/MD galaxies, signifi-
cant at the ∼99 per cent confidence level, when using a field sample constructed from the
GWS and CDF-N. It is noted that these results represent more compelling evidence for
enhanced AGN activity in protoclusters than those of Lehmer et al. (2009), in that they are
more statistically significant. Using a control sample of z = 3.1 LAEs from the ECDF-S,
it is found that the X-ray emitting LAE fraction in the HS 1700+64 protocluster is not
found to be significantly enhanced over that of the field (result significant at only 87 per
cent confidence). Also, no X-ray emitting LABs are detected in this protocluster, unlike in
the higher redshift protocluster in the SSA 22 field, although the results from both studies
are found to be consistent within the errors. These results indicate that AGN activity in
this z = 2.30 protocluster is generally enhanced, which may be a result of the accelerated
galaxy formation and subsequent growth that is observed in these dense regions, or the en-
hanced probability of AGN triggering events occurring (e.g. galaxy interactions/mergers)
due to the higher galaxy density and lower characteristic internal velocity dispersion.
Finally, in view of these small number statistics and those in the Lehmer et al. (2009)
study, it is noted that observations of other high-z protoclusters are also required to con-
strain the nature of the AGN population in these structures and the implications for galaxy
and cluster formation.
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Chapter 4
The Host Galaxy Properties of X-ray
selected AGN in AEGIS/GOODS
Overview
In this chapter the data used to construct samples of X-ray sources and optical galaxies in
the GOODS and AEGIS fields are described. The sample selection is then detailed along
with the methodology used to calculate the rest-frame properties and stellar masses of the
samples. The optical colours/luminosities and stellar masses of the AGN host galaxies
are studied in detail to investigate AGN-galaxy co-evolution. The results from this work
confirm some previous findings, showing that X-ray sources reside in optically luminous
(MB . −20.5) host galaxies which, on the CMD, lie at the top of the blue cloud, in the
green valley and on the red sequence. In addition, a higher fraction of red/green X-ray host
galaxies are found to harbour obscured AGN than blue X-ray host galaxies, and the most
obscured sources are also more likely to be found in red/green host galaxies than blue.
The majority of the X-ray sources are found to reside in massive (log(M∗/ M⊙) > 10.5)
host galaxies, consistent with previous studies. Other results from this work show that
high and low luminosity X-ray sources are found in host galaxies with similar optical
colours, and that higher redshift sources reside in galaxies with bluer colours than their
lower redshift counterparts.
The rest-frame properties and stellar masses derived in this chapter are also used to
investigate the environments of X-ray sources in Chapter 5.
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4.1 Introduction
The galaxy distribution in colour-magnitude space is strongly bimodal to z ∼ 1 (e.g.
Strateva et al., 2001; Hogg et al., 2003; Baldry et al., 2004; Bell et al., 2004), with this
bimodality possibly extending as far as z ∼ 2.5 (Brammer et al., 2009). As mentioned in
§1.1.2, the CMD has a well-defined red sequence, a more diffuse blue cloud and a dearth
of galaxies in the region in between, known as the ‘green valley’. It may be that galax-
ies in and around this region are in the process of transitioning from blue star-forming
galaxies to passively evolving ellipticals. Feedback from an AGN is often invoked as
way of truncating star-formation and causing the associated colour transformation (see
the aforementioned section).
Numerous authors have reported that X-ray selected AGN at z ∼ 1 are found in
redder, luminous host galaxies being at the top of the blue cloud, on the red sequence and
in the green valley on the colour-magnitude diagram (e.g. N07; Silverman et al., 2008;
Coil et al., 2009). When using mass-selected samples Xue et al. (2010) suggest that
X-ray AGN and optical galaxies of similar stellar mass have similar rest-frame optical
colours/magnitudes, and it is the preference of X-ray AGN to inhabit galaxies of higher
stellar mass which is causing the clustering on the CMD.
4.2 Data
The results presented in this and the following chapter make use of data from both
GOODS (Giavalisco et al., 2004) and the AEGIS (Davis et al., 2007). Here, the datasets
most relevant to the work in this thesis are described in more detail.
4.2.1 GOODS
The GOODS fields1 are centred on the Hubble Deep Field North (HDF-N; α =
12h36m55s, δ = +62◦14m15s) and the Chandra Deep Field South (CDF-S; α = 3h32m30s,
δ = −27◦48m20s). Giavalisco et al. (2004) describe the various observations of the
GOODS fields.
The optical observations used in this work are from the Hubble Space Telescope’s
Advanced Camera for Surveys (HST/ACS). The HST/ACS observations in both the north-
ern and southern fields (GOODS-N and GOODS-S) are composed of imaging in the
F435W (B), F606W (V), F775W (i) and F850LP (z) optical bands, reaching 10σ point
source sensitivities of 27.8, 27.8, 27.1 and 26.6 magnitudes (AB), respectively (Giavalisco
1http://www.stsci.edu/science/goods
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et al. 2004). These BViz observations cover an area of 0.0044 deg2 (10′ × 16′) in each
of the two fields, giving a combined area of ∼320 arcmin2. The sources in the standard
GOODS HST/ACS catalogues, which are used in this work, were originally detected with
the SExtractor package (Bertin & Arnouts, 1996) using the z850 mosaic, with magnitudes
(AB) calculated in Kron apertures (i.e. SExtractor MAG AUTO magnitudes).
4.2.2 AEGIS
AEGIS is a collaboration of nearly 100 scientists with the aim of studying the properties
of galaxies at z ∼ 1 by using observations of a large area of sky (0.5-1 deg2) at many
different wavelengths, ranging from X-ray to radio. This region of sky is known as the
Extended Groth Strip (EGS; α = 14h17m, δ = 52◦30′) and it has long been the subject
of both spectroscopic surveys (e.g. Lilly et al., 1995; Steidel et al., 2003) and imaging
at various wavelengths including X-ray (e.g. Nandra et al., 2005), optical (e.g. Sarajedini
et al., 2006), infra-red (e.g. Flores et al., 1999), submillimetre (e.g. Coppin et al., 2005)
and radio (e.g. Fomalont et al., 1991). The EGS is of sufficiently large area that it is very
well-suited to study objects that may not be observable in smaller fields such as GOODS.
4.2.3 The DEEP2 Galaxy Redshift Survey
The DEEP2 (Deep Extragalactic Evolutionary Probe) Galaxy Redshift Survey (Davis
et al., 2003, 2007) is a large spectroscopic survey covering an area of ∼3 square degrees
using the Deep Imaging Multi-Object Spectrograph (DEIMOS; Faber et al., 2003) on the
10 metre Keck–II telescope. Four different fields are covered (one of which is the EGS),
targetting ∼50 000 galaxies with redshifts 0 < z < 1.4, down to a limiting magnitude
of RAB = 24.1. The photometry was obtained by the 3.6-metre Canada-France-Hawai’i
Telescope (CFHT) using the CFH12K camera to image in the B, R and I bands (Coil
et al., 2004b). Each pointing has a field-of-view of ∼ 0.7×0.47 degrees with a pixel-scale
of 0.207 arcseconds per pixel. In total, there are >30 000 secure (Q ≥ 3; >95% confi-
dence as defined in Davis et al., 2007) redshifts available. The spectra have a resolution of
R ∼ 5000 and span a wavelength range ∼6400–9100 Å, providing a velocity accuracy of
30 km s−1. In this thesis only data from the fourth field, the EGS, is used (see Figure 4.2
for DEEP2 coverage).
In early 2008 the DEEP3 survey, the follow up survey to DEEP2, began observations
solely of the EGS. The additional observations will increase the number of EGS DEIMOS
redshifts available by approximately a factor of three, to around 18,000, with a resolution
of R ∼ 2500. Details of the DEEP3 redshift survey can be found in Cooper et al. (2011)
and Faber et al. (in prep). In this work the redshift catalogue utilised combines both
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redshifts from the DEEP2 survey and 1253 additional redshifts from DEEP3, the latter
found over two areas in the centre of the EGS which cover ∼0.13 sq degrees.
4.2.4 Chandra Data
4.2.4.1 GOODS
The Chandra/ACIS-I observations of the GOODS fields cover the entire ∼320 arcmin2
HST/ACS area with approximately 2 Ms of exposure time in each of the two fields, al-
though recent additional observations in CDF-S have taken the total exposure to around
4 Ms. A description of the 2 Ms CDF-N data can be found in Alexander et al. (2003)
and the 2 Ms CDF-S in Luo et al. (2008). The CDF-S field is also flanked by four ad-
ditional 250 ks observations which, when taken with the central region, is referred to as
the Extended Chandra Deep Field-South (E-CDF-S; Lehmer et al., 2005). Both the data
reduction and the source detection in the two GOODS fields was performed on the raw
data by Dr. Antonis Georgakakis as is described in §2.2. At the approximate aimpoint
of the Chandra observations of the GOODS-N and GOODS-S fields the observations
reach soft-band (0.5–2 keV) fluxes of 2.5×10−17 erg s−1 cm−2 (Alexander et al., 2003) and
1.9 × 10−17 erg s−1 cm−2 (Luo et al., 2008), respectively.
The resulting source catalogues comprise 516 detected point sources in the CDF-
N and 428 sources in the central 2 Ms region of the CDF-S, detected down to a false
Poisson probability limit of 4 × 10−6 (Nandra et al., 2005), or approximately 5 Gaussian
σ. Regarding the detected X-ray sources that lie within the GOODS coverage, there are
282 (55%) and 280 (65%) X-ray sources within the HST/ACS region of GOODS-N and
GOODS-S, respectively. The positions of these sources and the relative coverage of the
HST/ACS and Chandra regions are shown in Figure 4.1, where these are overplotted on
the Chandra/ACIS-I soft-band (0.5–2 keV) exposure maps. The size of the green circles
represent the 90% EEF of each detected source (see §2.2). Note that the region defined
on the GOODS-N exposure map is the 145 arcmin2 region most uniformly covered by the
BViz HST/ACS observations; it is the region that is used in the spectroscopic catalogue of
Barger et al. (2008, hereafter B08) and in this work (see below).
4.2.4.2 AEGIS-XWIDE
The EGS was imaged at X-ray wavelengths using the ACIS-I detector onboard Chan-
dra. Initial observations of the Groth-Westphal Strip (Groth et al., 1994) were carried
out in August 2002 and are reported in Nandra et al. (2005); subsequently, seven other
∼200 ks observations were obtained from March–December 2005 and these, together
with the original pointings, have been termed the AEGIS-X survey — these data have
4.2 Data 83
Figure 4.1: Shown are the soft-band (0.5–2 keV) exposure maps for the 2 Ms Chan-
dra observations of the GOODS-N (left) and GOODS-S (right) fields. The 90% EEFs
for each of the detected X-ray sources that are covered by the HST/ACS region (blue
polygons) are denoted by the green circles.
been reduced and analysed in detail by L09. Each pointing has a field-of-view (FOV) of
16.9 × 16.9 arcmin (Figure 4.2), covering a total area of 0.67 deg2.
The reduction of the data and source detection is described in §2.2 and L09 and
resulted in 1325 X-ray point sources detected down to a Poissonian false-probability of
4 × 10−6. Limiting fluxes (in this case the flux to which more than one percent of the area
is sensitive to) were found to be 5.3 × 10−17 erg s−1 cm−2 and 3.8 × 10−16 erg s−1 cm−2 in
the 0.5–2 keV (soft) and 2–10 keV (hard) bands, respectively.
L09 matched the X-ray sources to both the DEEP2 R-band catalogue and the Canada-
France-Hawai’i Telescope Legacy Survey2 (CFHTLS) T0003 i′-band catalogue using the
LR method, finding secure (LR > 0.5) identification rates of ∼68% and ∼82%, respec-
tively, with contamination from spurious identifications estimated to be ∼6% in both
cases. In this thesis u∗, g′, r′, i′ and z′ photometry from the CFHTLS is used to cal-
culate rest-frame U − B colours and absolute B-band magnitudes. Therefore, the 578
CFHTLS matches to the AEGIS-XWIDE (hereafter AEGIS-XW) X-ray sources are used
in this work.
4.2.4.3 AEGIS-X Deep
An additional 1.8 Ms of Chandra time was awarded in 2007 to observe 3 of the central
AEGIS-X fields (EGS 3, 4 and 5; see Figure 4.2), taking the total amount of exposure
2http://www.cfht.hawaii.edu/Science/CFHLS/
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in these areas to ∼800 ks each (AEGIS-X Deep, hereafter AEGIS-XD; Nandra et al., in
prep). Table 4.1 gives details of the additional Chandra observations taken from Decem-
ber 2007 to June 2009. These additional ACIS-I pointings cover a central ∼0.27 deg2
region of the field which is well covered by the supporting data (Davis et al., 2007). The
Chandra observations of the EGS total ∼3.4 Ms over ∼0.67 deg2. ESL performed the data
reduction and source detection on the combined 800 ks observations in the three fields (as
described in §2.2), resulting in a preliminary sourcelist of 925 X-ray sources detected
down to Ppoiss = 4 × 10−6. A detailed description and analysis of the data can be found in
a forthcoming paper (Nandra et al., in prep).
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Table 4.1: Log of Additional Chandra observations for EGS 3, 4, and 5. (1): Observa-
tion ID number; (2): Nominal right ascension of pointing; (3): Nominal declination of
pointing; (4): Start date and time of observation; (5): Raw exposure time (6): Filtered
exposure time
ObsID RA Dec Start Time/Date Raw Exp Filt. Exp
(J2000) (J2000) (UT) (ks) (ks)
(1) (2) (3) (4) (5) (6)
9450 14 20 17.24 +53 00 34.22 2007-12-11 04:24:07 28.91 28.78
9451 14 20 17.23 +53 00 34.23 2007-12-16 10:52:06 25.38 25.21
9452 14 20 16.80 +53 00 36.20 2007-12-18 05:45:49 13.56 13.29
9453 14 20 14.22 +52 59 43.05 2008-06-15 21:28:03 44.75 44.64
9720 14 20 14.21 +52 59 42.96 2008-06-17 05:14:02 28.14 27.74
9721 14 20 13.78 +52 59 45.13 2008-06-12 08:09:14 16.55 16.55
9722 14 20 13.76 +52 59 45.19 2008-06-13 07:02:28 20.01 19.89
9723 14 20 14.22 +52 59 43.00 2008-06-18 13:42:40 34.54 34.47
9724 14 20 16.82 +53 00 36.22 2007-12-22 13:37:26 14.09 14.08
9725 14 20 12.35 +53 00 16.04 2008-03-31 05:21:42 31.13 31.13
9726 14 20 13.77 +52 59 45.15 2008-06-05 08:45:04 39.63 39.62
9793 14 20 16.81 +53 00 36.27 2007-12-19 02:53:51 24.08 23.83
9794 14 20 16.82 +53 00 36.13 2007-12-20 04:27:59 10.34 10.03
9795 14 20 16.82 +53 00 36.32 2007-12-20 21:36:20 8.91 8.91
9796 14 20 16.81 +53 00 36.27 2007-12-21 20:28:33 16.33 16.33
9797 14 20 16.82 +53 00 36.38 2007-12-23 13:12:28 12.63 12.15
9842 14 20 12.35 +53 00 16.01 2008-04-02 21:01:59 30.45 30.44
9843 14 20 12.34 +53 00 16.13 2008-04-02 01:11:09 15.32 13.48
9844 14 20 12.35 +53 00 15.94 2008-04-05 13:07:54 19.78 19.78
9863 14 20 13.76 +52 59 45.14 2008-06-07 00:33:47 22.01 22.01
9866 14 20 13.77 +52 59 45.16 2008-06-03 22:43:14 25.83 25.83
9870 14 20 13.77 +52 59 44.99 2008-06-10 15:11:23 11.08 11.00
9873 14 20 13.77 +52 59 45.16 2008-06-11 14:22:06 30.81 30.75
9875 14 20 14.32 +52 59 42.61 2008-06-23 22:54:14 25.21 25.20
9876 14 20 14.21 +52 59 43.03 2008-06-22 00:22:03 33.29 33.28
9454 14 19 14.72 +52 48 22.75 2008-09-11 04:47:10 59.81 56.80
9455 14 19 14.72 +52 48 22.78 2008-09-13 19:38:46 100.20 99.72
9456 14 19 15.06 +52 48 29.45 2008-09-24 08:15:30 58.82 58.35
9457 14 19 11.06 +52 48 10.35 2008-06-27 07:08:38 32.75 32.74
9727 14 19 14.72 +52 48 22.82 2008-09-12 16:44:12 36.16 34.94
9729 14 19 11.31 +52 48 09.80 2008-07-09 16:47:58 48.29 48.04
9730 14 19 15.06 +52 48 29.41 2008-09-25 16:50:54 53.97 53.72
9731 14 19 11.25 +52 48 09.91 2008-07-03 10:58:47 21.38 21.38
9733 14 19 15.06 +52 48 29.44 2008-09-27 01:15:33 58.82 58.36
9878 14 19 11.07 +52 48 10.42 2008-06-28 06:03:20 15.74 15.73
Continued on next page. . .
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Table 4.1 — continued from previous page
ObsID RA Dec Start Time/Date Raw Exp Filt. Exp
(J2000) (J2000) (UT) (ks) (ks)
(1) (2) (3) (4) (5) (6)
9879 14 19 11.07 +52 48 10.36 2008-06-29 03:39:20 27.02 26.80
9880 14 19 11.25 +52 48 09.87 2008-07-05 17:00:17 29.89 29.45
9881 14 19 15.06 +52 48 29.47 2008-09-28 08:15:12 54.53 53.93
9458 14 18 06.09 +52 37 17.03 2009-03-18 12:20:16 6.66 6.65
9459 14 18 12.11 +52 36 57.84 2008-09-30 19:20:28 69.91 69.55
9460 14 18 12.12 +52 36 58.08 2008-10-10 06:17:49 21.91 21.36
9461 14 18 07.78 +52 36 37.50 2009-06-26 09:30:12 23.73 23.73
9734 14 18 11.83 +52 36 50.93 2008-09-16 11:01:21 49.98 49.47
9735 14 18 11.83 +52 36 50.95 2008-09-19 03:14:15 50.00 49.47
9736 14 18 11.83 +52 36 50.97 2008-09-20 11:07:10 50.13 49.48
9737 14 18 11.83 +52 36 50.94 2008-09-21 17:53:00 49.99 49.48
9738 14 18 12.11 +52 36 57.84 2008-10-02 06:56:22 61.89 60.60
9739 14 18 12.12 +52 36 58.09 2008-10-05 11:28:12 42.91 42.59
9740 14 18 06.30 +52 37 19.96 2009-03-09 22:24:18 20.38 20.37
10769 14 18 05.99 +52 37 14.25 2009-03-20 13:38:26 26.69 26.68
10847 14 18 09.85 +52 37 32.39 2008-12-31 05:06:27 19.27 19.27
10848 14 18 09.86 +52 37 32.43 2009-01-01 17:11:57 17.91 17.91
10849 14 18 09.85 +52 37 32.52 2009-01-02 21:25:57 15.93 15.92
10876 14 18 06.30 +52 37 19.99 2009-03-11 01:37:20 17.21 17.21
10877 14 18 06.31 +52 37 20.03 2009-03-12 15:15:57 16.23 16.22
10896 14 18 07.50 +52 36 38.72 2009-06-15 18:46:14 23.29 23.29
10923 14 18 07.77 +52 36 37.40 2009-06-22 07:38:22 11.62 11.62
4.2.5 CFHT/Megacam Imaging
The CFHTLS Deep Survey is a nearly complete imaging survey covering four widely
separated fields, each 1 square degree in area, using the MegaCam imager (Boulade
et al., 2003) on the CFHT. The EGS is one of these four fields, centred at α=14:19:27
δ=52:40:56 and denoted ‘D3’ by the CFHTLS-Deep Survey. Data was acquired using the
340-megapixel MegaCam wide-field imager, whose 36 CCDs cover a 1 × 1 degree FOV
with a resolution of 0.187 arcseconds per pixel. Data processing and source detection is
performed at Terapix — the catalogues used in this thesis are from the T0003 Terapix re-
lease3 which use AB magnitudes derived using the SExtractor package (Bertin & Arnouts,
1996) with the i′-band image used as the reference image. Photometry is obtained in five
3http://terapix.iap.fr/rubrique.php?id rubrique=208
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filters: u∗ (3700 Å), g′ (4850 Å), r′ (6250 Å), i′ (7700 Å) and z′ (8850 Å) down to 5σ lim-
iting AB magnitudes (for a point source) of 26.3, 27.0, 26.5, 26.0 and 25.0, respectively
(Davis et al., 2007). Source detection was also performed on the i′-band images. The AB
magnitudes are calculated using Kron apertures (i.e. SExtractor MAG AUTO magnitudes).
Astrometric accuracy is calculated using the USNO-B1 catalogue — the astrometric un-
certainty is typically 0.3′′. The overlap between the CFHTLS imaging and the X-ray data
is ∼0.38 square degrees (Figure 4.2).
4.2.6 Sample Selection
In this chapter samples of X-ray sources and optical galaxies at z ∼ 1 are constructed for
the GOODS and EGS fields. The X-ray data are reduced and source detection performed
using a pipeline which is described in detail in §2.2 and will not be described again here.
The construction of the samples of X-ray sources and optical galaxies used in this chapter
is described in the following sections.
4.2.6.1 GOODS-North
Of the 516 detected X-ray point sources in the CDF-N, 282 are covered by the HST/ACS
region. The catalogue used to obtain spectroscopic redshifts for the X-ray sources and
optical galaxies is that of B08. This catalogue contains a compilation of spectroscopic
redshifts for 2907 galaxies and stars with Ks < 24.5 or i775 < 26 within the 145 arcmin2
HST/ACS region of GOODS-N. These redshifts are compiled from existing spectroscopic
observations of the field (e.g. Cohen et al., 2000; Cohen, 2001; Cowie et al., 2004; Wirth
et al., 2004; Chapman et al., 2005; Treu et al., 2005; Reddy et al., 2006), together with
redshifts obtained by re-observing sources with low-quality spectra and/or those without
DEIMOS spectra. In this chapter the CMD is constructed for z ∼ 1 X-ray sources and
galaxies — this requires the BViz ACS optical bands for the calculation of rest-frame
U − B colours and B-band magnitudes. Due to this, the U and Ks-band magnitudes are
not required for any analysis.
To obtain the redshift information the X-ray sources are first matched to the same
GOODS HST/ACS photometric catalogues (v1.1; Giavalisco et al., 2004) that were used
in B08. The sources are matched using the LR method which is described in detail in
§2.3. The z850 source catalogue is used to construct magnitude distributions and to match
to the X-ray sources as this is the band the sources were initially detected in (Giavalisco
et al., 2004). Small systematic offsets of δRA = −0.08′′ and δDec. = −0.14′′ were
found to exist between the HST/ACS and X-ray source catalogues — the X-ray positions
were subsequently shifted by these amounts to match the optical images. Matching the
4.2 Data 88
Figure 4.2: Map showing the relative coverage for the AEGIS observations most relevant
to this work, overlaid on the full band (0.5–7 keV) Chandra/ACIS-I 200 ks image of the
EGS. Shown are the 1 deg2 CFHTLS/Megacam area (blue square); the 8 Chandra/ACIS
200 ks observations (green squares; ∼0.67 deg2; L09); the 3 additional Chandra/ACIS
pointings (red squares; ∼0.27 deg2), taking the exposure in these regions to a total of
800 ks and the DEEP2 Galaxy Redshift survey spectroscopic coverage (black rectangle;
RAB < 24.1).
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datasets using the LR method results in 249/282 identifications with LR > 0.5 (88%),
with an expected contamination rate of 5.1% and a median offset of 0.59 arcsec. These
are then cross-correlated with the spectroscopic redshift catalogue of B08 (their Table 4)
resulting in 184 X-ray sources with available spectroscopic redshifts. This gives an X-ray
completeness of ∼60%. It is possible that some of the unidentified X-ray sources may be
AGN hosted by very red, passive galaxies, which would only be detected using IR data.
In this case is it noted that the samples in this chapter could be missing a population of
X-ray AGN which reside in the reddest and most massive host galaxies. Of the 184 X-ray
sources with available spectroscopic redshifts, 94 have 0.6 < z < 1.4. Removing these
from the sample leaves 1289 optical galaxies with 0.6 < z < 1.4, which are used as a
comparison sample to the X-ray sources.
4.2.6.2 GOODS-South
To obtain redshifts for the 280 detected X-ray sources that lie on the 165 arcmin2 GOODS-
S HST/ACS footprint (Figure 4.1), the redshift catalogues of Balestra et al. (2010), here-
after B10, are utilised. These contain redshifts resulting from a spectroscopic campaign
covering the CDF-S using the VIsible Multi-Object Spectrograph (VIMOS) on the Very
Large Telescope (VLT), combined with the many existing spectroscopic surveys of this
field (e.g. Croom et al., 2001; Szokoly et al., 2004; Le Fe`vre et al., 2005; Mignoli et al.,
2005; Vanzella et al., 2008). The resulting master catalogue comprises 7332 redshifts (in-
cluding multiple redshifts for the same source) over the entire CDF-S field. In selecting
the redshifts to use in the current work, redshifts were required to first have a quality flag
for the redshift, and then from these only the redshifts with ‘secure or likely’ designations
were used. This ‘secure or likely’ criterion is that of B10 and first assigns a redshift qual-
ity to each object in their spectroscopic campaign, with quality A being secure (several
emission lines and strong absorption features are easily identified); B being likely (more
than two spectral features are well identified); C being tentative (spectral features are not
well identified) and X (indicating that no redshift was estimated as no spectral features
could be identified).
For the other surveys included in the catalogue and which have redshift flags avail-
able, they also classify the quality flags of the individual surveys using their own scheme
to standardise the catalogue as much as possible. From these flags only objects with red-
shifts that are classified as ‘secure’ (reliable at > 99% confidence) or ‘likely’ (reliable at
70–90% confidence) are extracted and utilised in constructing the samples in this work.
There are 1178 entries in the catalogue which satisfy these criteria and are within the
HST/ACS region, although some of the objects have multiple redshift estimations. To
choose the redshift value to use for objects with multiple redshift estimations the estimate
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with the highest quality flag is taken in each case. This leaves 910 redshifts over the
165 arcmin2 ACS region, with 557 of these lying within 0.6 < z < 1.4. In addition to
these objects there are 14 redshifts in the master catalogue which, although they do not
have quality flags, have spectroscopic redshifts with 0.6 < z < 1.4 estimated from either:
at least 3 spectral features (Croom et al., 2001); high S/N spectra from which accurate
velocity dispersions can be measured (van der Wel et al., 2004), or were able to classify
types of supernovae from the spectra and test the quality of their photometric redshifts
(Strolger et al., 2004). In total, this results in 571 objects with 0.6 < zspec < 1.4.
Again, the LR method is used to match the 280 X-ray sources to the z850 HST/ACS
source catalogue (v2.0), finding small systematic offsets of δRA = −0.04′′ and δDec. =
−0.17′′ between the X-ray and optical catalogues. After accounting for these by shifting
the X-ray source positions to match the optical images, there are found to be 245/280
HST/ACS identifications with LR > 0.5 (87.5%), with an expected contamination rate of
6.1%. The median offset between the X-ray and optical positions is 0.32 arcsec. Cross-
correlating these 245 identifications with the 571 objects above results in a sample of 42
X-ray sources and 529 optical galaxies with 0.6 < z < 1.4.
Combining the HST/ACS GOODS-N and GOODS-S datasets results in a sample of
136 X-ray sources and 1818 optical galaxies with 0.6 < zspec < 1.4 and available Viz
magnitudes.
4.2.6.3 AEGIS
There are 925 AEGIS-XD sources, 924 of which are covered by the 1 deg2 CFHTLS
u∗g′r′i′z′ imaging. These X-ray sources were matched to the i′ band catalogue of the
CFHTLS T0003 release using the LR method. Measured systematic offsets of δRA =
−0.004 and δDec. = +0.14 arcsec were first accounted for by matching bright (i775 <
24 mag) optical sources to the X-ray sourcelist using a 1 arcsec matching radius. The
LR matching results in a 77% identification rate (710/924 ids with LR > 0.5) with an
expected spurious contamination fraction of 8.6%. The counterparts to the X-ray sources
have a median offset of 0.42 arcsec from the X-ray positions.
Using the previously LR matched AEGIS-XW 200 ks catalogue from L09, there
are found to be 560 AEGIS-XW sources (42%) within a 3 arcsec radius of the AEGIS-
XD positions. There are 578 secure (LR > 0.5) CFHTLS matches to the AEGIS-XW
sources in the L09 catalogue, of which 407 (70%) overlap with the 710 securely matched
AEGIS-XD sources. Due to the longer exposure of the AEGIS-XD data, the positions
estimated from the AEGIS-XD source detection procedure are adopted for overlapping
X-ray sources.
Redshifts are obtained for the CFHTLS galaxies by matching the DEEP2 photomet-
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ric catalogues (DR3) to the CFHTLS T0003 merged ugriz catalogue (from which the
magnitudes used in this work are taken), first correcting for a systematic offset between
the images of δRA = +0.01 and δDec. = +0.24 arcsec. Using a 1 arcsec search radius
and taking the closest object as the counterpart results in 52101 unique DEEP2 photo-
metric matches to the CFHTLS sources. These are then cross-correlated with the com-
bined DEEP2/DEEP3 redshift catalogues, which comprise 18508 unique objects, 1253
of which are from DEEP3. This results in 10228 CFHTLS sources with available red-
shifts; using only redshifts with quality flag Q ≥ 3 (indicating a reliability of ≥ 95%) and
0.6 < zspec < 1.4 results in 4564 z ∼ 1 CFHTLS sources (4175 from DEEP2 and 389
from DEEP3). Cross-correlating these with the X-ray matches to the CFHTLS sources
results in 114 AEGIS-XD sources and 23 AEGIS-XW sources with 0.6 < zspec < 1.4
and Q ≥ 3. There are also two AEGIS-XW sources from L09 which have Q = 3 in
the DEEP2 DR3 spectroscopic catalogue but for some reason have Q = 2 in the more
recent DEEP2/DEEP3 catalogue (which should keep the highest quality redshift for each
source), which are also included. In addition to the 25 AEGIS-XW sources with redshifts
from DEEP2/DEEP3, there are also 13 AEGIS-XW CFHTLS matches which have red-
shifts obtained from the MMT/Hectospec observations of the EGS (see Coil et al., 2009)
which are also utilised in this work to maximise the spectroscopic sample as much as pos-
sible. In total then, there are 152 X-ray sources and 4413 optical galaxies with available
r
′i′z′ magnitudes — these are needed to calculate rest-frame U − B colours and B-band
magnitudes at z ∼ 1.
4.3 Calculation of Rest-frame Quantities
In this section, the methods used to derive rest-frame U − B colours and absolute B-band
magnitude are described. To calculate these rest-frame quantities the prescription and
methods presented by Willmer et al. (2006), hereafter W06, are followed. W06 used
these methods to calculate rest-frame quantities for DEEP2 galaxies using the CFHT
BRI filter set. Here, this methodology is utilised to calculate the same quantities for the
HST/ACS region of the GOODS fields and the CFHTLS area of AEGIS. Briefly, the ob-
served colours and magnitudes of redshifted local galaxy SEDs from Kinney et al. (1996),
hereafter K96, are used to estimate rest-frame colours and absolute B-band magnitudes
for galaxies in the z ∼ 1 sample.
There are other methods by which to calculate rest-frame colours and absolute mag-
nitudes of objects (e.g. Wolf et al., 2003, COMBO-17; Blanton et al., 2003, SDSS) —
these involve the use of multiple photometric broad-band/medium-band measurements (5
in SDSS; 17 in COMBO-17) and the fitting of linear combinations of spectral templates
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to the photometry to reproduce the observed magnitudes. As the W06 method does not
rely on model spectra but uses actual galaxy spectra, this method was used in preference.
4.3.1 K-corrections
In general, for a specific instrument, observing galaxies at different redshifts means that
they are having different rest-frame wavelengths sampled and are then being compared
based on their properties in specific observed photometric bands, which also change from
telescope to telescope. As the redshift changes a different amount of a galaxy spectrum
will be redshifted into a specific (fixed width) bandpass each time — in addition, if one
were observing at the redshift of a galaxy (i.e. in the galaxy’s rest-frame), a totally dif-
ferent shaped filter would be used compared to that which would be used in the observed
frame (i.e. at z = 0). Transforming the observed properties of a galaxy to rest-frame quan-
tities therefore involves the use of K-corrections (e.g. Oke & Sandage, 1968; Hogg et al.,
2002; Blanton & Roweis, 2007).
If the frequency of the observed light from a source is denoted as νo, observed
through a bandpass R then the emitted frequency of the light is νe = [1 + z]νo and is
assumed to be emitted in a different bandpass Q. It is noted that the original concept of
K-corrections only transformed observed frame quantities to rest-frame using the same
bandpass (i.e. R = Q), but has since been generalised to account for different observing
and rest-frame bandpasses (e.g. Kim et al., 1996; Hogg et al., 2002). This is most useful
for determining rest-frame properties of high redshift galaxies as, for example, a galaxy
at z = 1 would have its emitted optical light (∼5500 Å) being observed in the infra-red
bands (J ∼1.1 µm ) and so only using one fixed bandpass in the K-correction procedure
would only allow the study of the rest-frame J-band light, not the optical, which may be
of particular interest. Therefore, to make fair comparisons over a large range in redshift
necessitates the transformation from one bandpass to another.
The K-correction (KQR) transforming mR, the apparent magnitude of a source ob-
served through a filter R, to MQ, the absolute (i.e. rest-frame) magnitude of a source
emitted through a filter Q is shown in equation 4.1. The absolute magnitude of an ob-
ject is defined to be the apparent magnitude the object would have if it was observed at
a distance of 10 pc (through bandpass Q). DM is the distance modulus, defined as in
equation 4.2 with the luminosity distance (e.g. Hogg, 1999) denoted by DL.
mR = MQ + DM + KQR (4.1)
DM = 5 log10
(
DL
10pc
)
(4.2)
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To calculate the K-correction (KQR) for a particular source at a redshift z, equation 4.3
is used (Hogg et al., 2002). Here, the integrals are over the observed and rest-frame
(emitted) wavelengths λo and λe; fλ(λ) is the spectral density of flux (i.e. energy per unit
time per unit area per unit wavelength); R(λ) is the response of the filter bandpass (e.g.
for a CCD this is the probability that a photon of wavelength λ is counted); gR
λ
(λ) is the
spectral density of flux per unit wavelength for the zero-magnitude source, which for
Vega magnitudes is the spectrum of Vega and for AB magnitudes (Oke & Gunn, 1983) is
a source with constant flux per unit frequency of 3631 Jy. The gR
λ
(λ) and gQ
λ
(λ) terms can
be the same — for example, if both R and Q are desired in Vega magnitudes, the Vega
spectrum is simply integrated over the bandpasses Q and R to obtain these integrals.
KQR = −2.5 log10
 1[1 + z]
∫
dλoλo fλ(λo)R(λo)
∫
dλeλegQλ (λe)Q(λe)∫
dλoλogRλ(λo)R(λo)
∫
dλeλe fλ([1 + z]λe)Q(λe)
 (4.3)
4.3.2 The SEDs
The (publically available) UV-optical spectra of 99 local galaxies4 are utilised in this
work. These include ellipticals, spirals/later types, starbursts, Seyferts and LINERs.
There are 43 SEDs from K96 with continuous coverage from 1150–10000 Å — these
are the SEDs used in this thesis (see Table 4.2) and are also those used by W06. The data
are made up of UV spectra obtained from the International Ultraviolet Explorer5 (IUE)
telescope ranging from ∼1150–3300 Å using both the short wavelength camera (SWS;
1150–2000 Å) at 5 Å spectral resolution and the long-wavelength camera (LWS; 1900–
3300 Å) at 8 Å resolution. The optical spectra for the southern sample were obtained
using the Cerro Tololo Inter-American Observatory (CTIO) 1-metre telescope with the
2DFRUTTI detector over 3200-6400 Å at a spectral resolution of 8 Å using a matched
aperture (10′′ × 20′′). The 6400–10000 Å range was observed by the 1.5-metre telescope
using a CCD detector at a resolution of 5.5 Å. Optical spectra for the northern galaxies
were obtained using the Kitt Peak National Observatory (KPNO) 0.9m telescope and the
Intensified Reticon Scanner using a circular aperture (13.5′′) at a resolution of ∼10 Å.
4.3.3 Calculating U − B and MB
To calculate rest-frame quantities from the K96 local SEDs a synthetic photometry pack-
age called SYNPHOT6 is utilised. This package is available from the Image Reduction
4http://www.stsci.edu/ftp/catalogs/nearby gal/sed.html
5http://archive.stsci.edu/iue/index.html
6http://www.stsci.edu/resources/software hardware/stsdas/synphot
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Figure 4.3: Spectrum of NGC1553 showing the Johnson U and B filter curves, which
sample the 4000 Å break well. The strength of this break indicates the age of the domi-
nant stellar population within a galaxy.
and Analysis Facility7 (IRAF) and includes a routine named calcphot which enables the
user to supply their own filter response functions and then to convolve these with spectra
and subsequently derive the flux/magnitude through that bandpass. Magnitudes were first
derived in the Vega system and then converted into AB magnitudes using Table 1 of W06.
The U−B colours and B-band magnitudes are derived using the Johnson U (∼3600 Å)
and B (∼4400 Å) filters, taken from Buser (1978) and Azˇusienis & Straizˇys (1969), re-
spectively. The filter curves overlaid on the spectrum of NGC1553 (a late-type galaxy)
are shown in Figure 4.3, where it can be seen that they straddle the 4000 Å break —
the strength of this break discriminates between old and young stellar populations. Older
populations exhibit a larger break due to the accumulation of absorption lines from mainly
ionised metals in the stellar atmospheres of older stars, and the lower contribution of flux
to the blue side of the break due to the lack of intense blue light from young stars. There-
fore, the U − B colours of a galaxy can be used to determine whether star-formation is
still ongoing or if the galaxy’s dominant stellar population is much older with very little
current star-formation occurring.
The V606, i775 and z850 filter curves that are used for the GOODS fields are taken
from the HST/ACS website8. These are total throughput curves, i.e., they include the
response of the whole system — the response of the telescope, instrument and filter all
multiplied together. Similarly, the CFHTLS r′ , i′ and z′ curves used are from Stephen
7http://iraf.noao.edu/
8http://www.stsci.edu/hst/acs/analysis/zeropoints/
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Gwyn’s CFHTLS pages9 and give the total throughput of the system by multiplying the
filter responses by the response of the mirrors, the optics and the QE of the MegaCam
CCDs.
When convolving any filter responses with the K96 spectra, this work follows that
of W06 and Fukugita et al. (1995) by resampling both filters and spectra to a 1 Å disper-
sion, using parabolic (quadratic) and linear interpolations, respectively. For the GOODS
HST/ACS fields the V606, i775, and z850 magnitudes are needed to calculate the rest-frame
properties as the V606 − i775 colours trace rest-frame U − B at z ∼ 0.8, but as the red-
shift increases to the higher ranges of the sample the i775 − z850 colours become a much
better tracer of rest-frame U − B, with the filter sets overlapping best for z ∼ 1.1 (see
Figure 4.4). Similarly, for the CFHTLS r′ , i′ and z′ filters, the r′ − i′ colour best traces
rest-frame U − B at z ∼ 0.7 and the i′ − z′ colour traces the rest-frame U − B colour best
at z ∼ 1. This means that the rest-frame properties are consequently calculated from the
pair of filters that best overlap with rest-frame U − B, which depends on the redshift of the
source in question. For the GOODS fields the ‘transition redshift’, defined as the redshift
at which the choice of filters to use for the calculation of the rest-frame colours changes,
is z = 0.8725. This was calculated by taking the mean redshift at which the peak wave-
lengths of the U and B filters overlap V606 and i775, respectively (=0.755), then repeating
this for the i775 and z850 filters (=0.99). The redshift in between these two values gives
the ‘transition redshift’. Repeating the procedure for the CFHTLS filter sets results in a
‘transition redshift’ of z = 0.814.
To check whether the synthetic U − B colours derived from SYNPHOT are consistent
with published values, the U − B values from SYNPHOT and the Third Revised Catalog
of Galaxies (TRCG; de Vancouleurs 1991) are compared in Figure 4.5. The TRCG values
(listed in Table 4.2 together with those derived from SYNPHOT) are taken from Table 8 of
W06 — these were calculated from the raw total U − B colours, correcting for Galactic
absorption using the Schlegel et al. (1998) extinction values from the NASA Extragalactic
Database (NED). The K96 spectra have also already been corrected for Galactic absorp-
tion so the values should be relatively consistent, although it is noted that the K96 spectra
are only integrated over a 10′′ × 20′′ rectangular aperture (sampling the central region)
whilst the TRCG values are derived from total galaxy colours. The offset between the
TRCG and SYNPHOT derived colours is found to be δ(U − B)= 0.11± 0.13, representing
good agreement between the two, especially considering the U − B values from the K96
spectra are only calculated for the central region.
9http://www1.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/community/CFHTLS-SG/docs/extra/filters.html
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Figure 4.4: Johnson U and B filters overlaid on the V606, i775 and z850 filter set for
0.6 < z < 1.4. The curves show the relative transmission of each filter. The U and B
filters have been redshifted to the redshift indicated in each plot. Observed V606 − i775
colours trace rest-frame U − B best at z ∼ 0.8, whereas the i775 − z850 colours do a much
better job at higher redshifts (z ∼ 1.1).
4.3.3.1 GOODS
The first step in the calculation of rest-frame quantities for the z ∼ 1 objects is to deter-
mine which local galaxy SEDs to use in the analysis. To decide this the 43 local galaxy
SEDs are used to simulate high redshift galaxies (i.e. the spectra are manually redshifted)
at a range of redshifts, from z = 0.5 to z = 1.5 (in bins of δz = 0.1). Their ‘observed’
V606 − i775 and i775 − z850 colours are first calculated using SYNPHOT; these are then com-
pared to the actual V606 − i775 and i775 − z850 colours of GOODS ACS galaxies (from the
B08 and B10 samples) that have spectroscopic redshifts close to the redshift that is being
simulated. This is done for each of the redshift bins, each time noting which K96 SEDs
lie off the observed galaxy distribution. If any one of the K96 SEDs are deemed to be
an outlier in more than two redshift bins then this object is flagged as unsuitable and is
consequently discarded. Figure 4.6 shows this for each of the redshift bins (using all 43
SEDs) with observed galaxies with redshifts within δz = 0.01 and δz = 0.03 of the redshift
indicated in each panel shown as different symbols. The simulated high redshift galaxies
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Figure 4.5: Comparison between U − B colours derived from TRCG (taken from W06),
which are corrected for Galactic absorption as described in the text, and those derived
from SYNPHOT using the K96 SEDs (also corrected for Galactic absorption) convolved
with the Johnson U and B filters. The dotted line shows a one-to-one relationship.
are also overplotted to determine which of the objects are outliers in which redshift bin.
Figure 4.7 shows the same redshift bins and observed galaxies, but now after removing the
6 deviant galaxy SEDs, which are noted in Table 4.2. It can be seen that after removing
these objects the simulated colours trace those of the actual galaxy population well.
Figure 4.8 shows the calculated K-correction, transforming observed i775 into rest-
frame B, against the simulated V606 − i775 SED colour for a range of redshifts. The i775
band was used to convert to rest-frame B as this band was used irrespective of the galaxy’s
redshift, i.e., either the V606 − i775 or i775 − z850 colour was used to derive the rest-frame
properties depending on whether the redshift is below or above the ‘transition redshift’
value. The simulated colour has been calculated by redshifting the local SEDs to the
redshift indicated in each plot and calculating what the ‘observed’ V606 − i775 colour would
be if the galaxy was at that redshift. SEDs which were not used in the final analysis
are also shown on each plot. It can be seen that at z ∼ 0.8, where rest-frame B and
observed i775 overlap nearly exactly (see Figure 4.4), there is very little dependence of the
K-correction on observed V606 − i775 colour. As the redshift increases to higher values,
where there is no overlap between the two, the relationship becomes less well-defined.
Calculated rest-frame U − B colours are then plotted as a function of both observed
V606 − i775 (Figure 4.9) and i775 − z850 (Figure 4.10) colours for the same range of redshifts.
It can be seen that at z ∼ 0.8, where rest-frame U − B and observed V606 − i775 overlap
very well, the relationship between rest-frame U − B and observed V606 − i775 colour is
tight and well defined. As rest-frame U − B moves away from observed V606 − i775 as
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Figure 4.6: Comparison between the actual observed HST/ACS galaxies and all the 43 simulated high redshift SEDs in V606 − i775 versus
i775 − z850 colour space for the GOODS fields. Observed galaxies with δz = 0.01 of the redshift displayed in each panel are shown as purple
stars, whilst those within δz = 0.03 are displayed as black crosses.
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Figure 4.7: Comparison between the actual observed HST/ACS galaxies and the final sample of 37 K96 SEDs used in the analysis of the
GOODS fields. Symbols are as in Figure 4.6. After removing 6 deviant SEDs the simulated colours trace the actual colours of observed galaxies
well.
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Table 4.2: (1): Galaxy SED; (2): U − B colour derived from SYNPHOT; (3): U − B
colour from TRCG if available; (4): Included in the GOODS final analysis?; (5): In-
cluded in the CFHTLS final analysis?
Galaxy SED (U − B)S YNPHOT (U − B)TRCG Final GOODS SED? Final CFHTLS SED?
(1) (2) (3) (4) (5)
ESO296 11 -0.37 0.32 Y Y
G1050 04 -0.19 – Y Y
IC3639 0.03 – Y Y
NGC1068 -0.00 0.05 N N
NGC1097 0.11 0.20 Y Y
NGC1313 -0.31 -0.36 Y Y
NGC1316 0.41 0.37 Y Y
NGC1326 0.08 0.27 Y Y
NGC1399 0.61 0.49 N Y
NGC1404 0.52 0.55 Y Y
NGC1433 0.41 0.20 Y Y
NGC1553 0.54 0.47 Y N
NGC1672 -0.11 -0.02 Y Y
NGC1705 -0.59 -0.46 N Y
NGC1808 0.29 0.25 Y Y
NGC210 0.42 0.05 Y N
NGC2865 0.40 0.32 Y Y
NGC3049 -0.38 – Y Y
NGC3081 0.21 0.22 Y Y
NGC3125 -0.53 -0.56 Y Y
NGC3351 0.01 0.15 Y Y
NGC3393 0.23 – N N
NGC3660 0.15 – N N
NGC4385 -0.26 -0.01 Y Y
NGC4594 0.50 0.47 Y Y
NGC4748 -0.16 – Y N
NGC5102 0.11 0.17 Y Y
NGC5128 0.74 – N N
NGC5135 -0.06 0.06 Y Y
NGC5236 -0.28 -0.04 Y Y
NGC5253 -0.56 -0.30 Y Y
NGC6221 0.13 -0.02 Y Y
NGC7083 0.20 -0.02 Y N
NGC7130 -0.11 – Y Y
NGC7196 0.55 0.45 Y Y
NGC7496 -0.20 – Y Y
NGC7552 -0.08 0.07 Y Y
NGC7582 0.21 0.23 Y Y
NGC7590 0.19 -0.01 Y Y
NGC7673 -0.13 -0.38 Y Y
NGC7714 -0.44 -0.51 Y Y
NGC7793 -0.11 -0.11 Y Y
TOL1924 416 -0.47 -0.52 Y Y
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Figure 4.8: K-correction converting observed i775 to rest-frame B as a function of observed V606 − i775 colour for a range of redshifts (indicated
in each panel). K96 SEDs used in the final analysis are shown as black crosses, whereas the 6 discarded SEDs are shown as red diamonds. At
redshifts where observed i775 overlaps best with rest-frame B (z ∼ 0.8) there is very little dependence of KiB on observed colour.
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the redshift increases to above z ∼ 1 (see Figure 4.4), the relationship becomes progres-
sively worse as large extrapolations are now being used. At these redshifts, as previously
mentioned, the i775 − z850 colour becomes a much better tracer of rest-frame U − B as
these now overlap with each other much more than for observed V606 − i775 and rest-
frame U − B. This can be seen in Figure 4.10 where the relationship has more scatter
at low redshifts (z ∼ 0.8), but becomes tighter as the redshift increases to values where
observed i775 − z850 overlaps well with rest-frame U − B (z ∼ 1). As the redshift increases
further, to the upper limit that is probed in this thesis (z = 1.4), the match worsens and
the relationship becomes less well-defined (although with less scatter than when using the
V606 − i775 colour).
To calculate the rest-frame U − B colours and B-band magnitudes from the observed
colours of specific galaxies, plots similar to those in e.g. Figure 4.9 are made (for each
galaxy) by shifting the K96 SEDs to the exact redshift of that galaxy and calculating
the ‘observed’ colours (either V606 − i775 or i775 − z850 depending on whether the redshift
in question is above or below the ‘transition redshift’) for each of the final 37 SEDs.
Then, second order polynomials are fit to the U − B/K-correction versus V606 − i775 (or
i775 − z850) distribution, with rest-frame U − B colours and K-corrections then calculated
by using the observed (i.e. actual) V606 − i775 (or i775 − z850) colour of the galaxy and the
derived polynomial. The K-corrections are then used to calculate absolute B-band mag-
nitudes using equation 4.1. The range of U − B colours and K-corrections is restricted to
that covered covered by the K96 spectra — galaxies exhibiting extreme colours (4 objects
in GOODS; 35 in CFHTLS) have their rest-frame quantities recalculated from the other
pair of filters. This is done as the reddest K96 SED used is that of the core of a very red
elliptical galaxy and so extreme estimated values are not physical (C. Willmer, private
communication). For these few galaxies, the re-calculated rest-frame quantities are in
much better agreement with those of W06 than before.
Uncertainties on the U − B colours are from the 1σ error in the polynomial fit at
the exact colour of each galaxy. Similarly, uncertainties on the B-band magnitudes are
calculated by combining in quadrature the error in the observed i775 magnitude (obtained
from the ACS catalogues) with that from the uncertainty in the polynomial fit at the exact
colour of the galaxy. Restricting to 0.6 < z < 1.4 (the redshift range of the samples) and
accounting for the ‘transition redshift’ value, i.e. using the colour most appropriate for
the redshift in question, gives an rms error in the derived U − B values which ranges from
0.03 mag (at z ∼ 1.1) to 0.17 mag (at z ∼ 1.4). Similarly, the rms error in KiB ranges from
0.02 mag (at z ∼ 0.7) to 0.15 mag (at z ∼ 1.4). The derived U − B colour and B-band
magnitudes were then corrected for Galactic extinction, using the appropriate values for
the U and B filters for the GOODS fields using values obtained from the NED Galactic
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Figure 4.9: Rest-frame U − B colour as a function of observed V606 − i775 for the same redshift range as Figure 4.8. Symbols are also as in
Figure 4.8. The relationship between U − B and V606 − i775 is tight at low redshifts (z ∼ 0.8) where the match between the two is good, but
becomes progressively worse as the redshift increases and the match worsens.
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Figure 4.10: Rest-frame U − B colour as a function of observed i775 − z850 for the same redshift range as Figure 4.8. Symbols are also as
in Figure 4.8. The relationship between U − B and i775 − z850 is not well-defined at low redshifts, but as the match between redshifted U − B
observed i775 − z850 becomes better, the i775 − z850 colour becomes a much more reliable tracer of rest-frame U − B than V606 − i775.
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Extinction Calculator10.
4.3.3.2 CFHTLS
The method used to calculate rest-frame quantities for CFHTLS galaxies in AEGIS is
the same as for the GOODS fields. The choice of K96 SEDs to use for the CFHTLS
sources is determined in the same way as before. There are 8 SEDs which are found to be
deviant in more than two redshift bins — these are noted in Table 4.2, with the final set
of 35 SEDs shown to follow the actual galaxy distribution in r′ − i′ versus i′ − z′ colour
space in Figure 4.11. These plots use 5218 CFHTLS galaxies with 0.5 < z < 1.5 from
DEEP2/DEEP3, using only those with quality flags Q > 2, as before.
The K-correction, which now converts observed i′ into rest-frame B, the rest-frame
U − B values and B-band magnitudes are calculated in exactly the same way as for the
GOODS fields, using the exact redshift of the galaxy and the appropriate ‘observed’
colour. The 1σ rms uncertainties in the polynomial fits (calculated as before) are found to
range from 0.02 mag (at z ∼ 0.7) to 0.15 mag (at z ∼ 1.4) for U − B, and from 0.01 mag
(at z ∼ 0.7) to 0.14 mag (at z ∼ 1.4) for the K-correction.
4.3.4 Stellar Masses
It has been shown that there is a tight correlation between the rest-frame optical colour
and luminosity of a galaxy and it’s stellar mass-to-light (M/L) ratio (Bell & de Jong,
2001; Bell et al., 2003; Zibetti et al., 2009, hereafter ZCR09). This relation has the least
scatter when using M/L ratios derived in optical passbands and using optical colours; this
correlation is also independent of metallicity and star-formation history (Bell & de Jong,
2001). In this work the B − V optical colour and the rest-frame V-band magnitude is used
to calculate the stellar M/L using equation 4.4, which is from ZCR09 and uses a Chabrier
(2003) Initial Mass Function (IMF). The values of aλ and bλ for the V-band can be found
in Table B1 of ZCR09, which is an update of Table 7 in Bell et al. (2003). They are
derived by constructing various stellar population synthesis models, which use a variety
of parameters including dust attenuation, then calculating the colour and M/L that would
be observed from the fluxes and stellar masses that are derived from the model. These are
used rather than Bell et al. (2003) values as the derived stellar masses are more consistent
with each other when different bands and colours are used (Xue et al., 2010).
log(Mλ,∗/ M⊙) = log(Lλ/Lλ,⊙) + bλ(MB − MV) + aλ (4.4)
10http://nedwww.ipac.caltech.edu/forms/calculator.html
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Figure 4.11: Comparison between the actual observed CFHTLS galaxies and the final sample of 35 K96 SEDs used in the analysis of the
CFHTLS region of AEGIS. Symbols are as in Figure 4.6. After removing 8 deviant SEDs (listed in Table 4.2) the simulated colours trace the
actual colours of observed galaxies well.
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The rest-frame B − V colour and V-band magnitude was calculated using the same
method as for the U − B colour (§4.3.3), using the Johnson V-band filter obtained from
Azˇusienis & Straizˇys (1969). Utilising this relation together with Lλ/Lλ,⊙ = 2.512(Mλ,⊙−Mλ)
(e.g. Xue et al., 2010) enables the estimation of the stellar mass of a galaxy from it’s
optical colour and luminosity. The value used for the solar (Johnson) V-band magnitude
(MV,⊙) is from Table 1 in Blanton & Roweis (2007).
To check their accuracy, the derived stellar masses for the CFHTLS galaxies are then
compared to the masses derived by Bundy et al. (2006), who used the stellar popula-
tion synthesis models of Bruzual & Charlot (2003) to fit the SEDs of K-selected objects
in AEGIS. As the stellar masses for the GOODS and AEGIS fields should be derived
in a consistent manner and SED-derived masses are not available for all of the galax-
ies in both AEGIS and GOODS, the colour-M/L derived masses are used throughout.
There are 2958 optical galaxies and 121 X-ray sources with CFHTLS identifications and
DEEP2/DEEP3 redshifts that overlap with those of Bundy et al. (2006) and have available
stellar mass estimates. For these objects the median offset is 0.13 dex with a rms scatter of
. 0.4 dex (Figure 4.12). The X-ray sources, when considered alone, have a median offset
of 0.04 dex and an rms scatter of 0.32 dex. Both the SED-derived and the colour-M/L
derived estimates have been calculated assuming a Chabrier (2003) IMF. Stellar masses
derived from galaxy colours are generally only accurate to within a factor of a few (e.g.
Kannappan & Gawiser, 2007) and so the scatter of .0.4 dex from the SED-derived masses
is acceptable. In addition, as the stellar masses in this work are being used as a control
rather than for the direct investigation of the stellar mass distribution of X-ray AGN host
galaxies, perfectly accurate stellar masses are not integral to this study.
4.4 Results
By combining the GOODS-N, GOODS-S and AEGIS fields a final sample of 288 X-ray
sources and 6231 optical galaxies with high quality spectroscopic redshifts in the range
0.6 < z < 1.4 is constructed. The redshift distribution for the X-ray and optical samples
is shown in Figure 4.13. In this section, the properties of the X-ray sample are described
and are compared to those of the optically selected (i.e. non-active) galaxy population.
4.4.1 X-ray Properties
Absorption-corrected X-ray luminosities (LX) and neutral hydrogen column densities
(NH) quoted in this and the following sections are derived by first extracting the X-ray
spectrum of each object (§2.4), and then fitting each spectrum as is described in §2.5.
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Figure 4.12: Comparison between the stellar mass estimates derived from the colour-
M/L method used in this work and those of Bundy et al. (2006). Shown are the overlap-
ping objects for which both stellar mass estimates are available, with X-ray sources (121)
shown as red circles and the optical galaxies (2958) as small dots. Stellar masses from
the two methods agree well; the median offset and rms scatter are found to be 0.13 dex
and .0.4 dex, respectively.
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Figure 4.13: Redshift distributions for the z ∼ 1 X-ray sources (288 objects; red his-
togram) and optical galaxies (6231 galaxies; hatched histogram) used in this chapter.
The number of objects in each bin has been scaled by the total number of objects in each
respective sample.
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Figure 4.14: 2–10 keV X-ray luminosity as a function of redshift for the 288 X-ray
sources used in this chapter. X-ray sources from the 2 Ms GOODS (red circles), AEGIS
200 ks (green triangles) and AEGIS 800 ks datasets (black stars) are shown. The deeper
GOODS data generally probes lower luminosities at all redshifts due to the longer expo-
sure.
The 2–10 keV X-ray luminosity as a function of redshift is shown in Figure 4.14 for
the 288 X-ray sources in the sample. The range in luminosity of this sample is 40.67 <
log(L2−10keV) < 44.64, with a median luminosity of log(L2−10keV) = 42.70. As is to be
expected, as the redshift of the X-ray sources increases, the luminosities to which the data
are sensitive to becomes higher as at a given flux objects that are further away will need
to be intrinsically more luminous to be detected. As the depth of the X-ray observations
increases the luminosities that the data are sensitive to becomes lower, with the 2 Ms
GOODS sources probing the lowest luminosities at all redshifts.
Regarding the NH values for the X-ray sample, the sources are approximately evenly
split between obscured (log(NH) ≥ 22) and unobscured (log(NH) < 22) sources. The sam-
ple comprises 120 (42%) obscured sources and 168 (58%) unobscured sources.
4.4.2 Optical Properties
In Figure 4.15 (top panel) the absolute B-band magnitude is shown as a function of red-
shift. The X-ray sources are found to inhabit optically luminous host galaxies at all red-
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shifts, with 87% of the X-ray sources in MB < −20.5 mag hosts — for comparison, only
57% of the optical galaxies have MB < −20.5 mag. This result, that X-ray sources reside
in optically bright galaxies, has also been found by numerous authors (e.g. N07; Silver-
man et al., 2008; Coil et al., 2009). At higher redshifts the data probe less optically faint
galaxies in a similar way to the X-ray luminosity, i.e., objects that are further away need
to be brighter to be detected with flux limited surveys, which both AEGIS and GOODS
are. The very luminous object at z ∼ 1.3 is a bright quasar — such objects are discussed
below.
Figure 4.15 (bottom panel) shows the rest-frame U − B colour as a function of red-
shift for the X-ray sources and optical galaxies. Over the redshift range probed by this
work, there is no strong evolution of the U − B colour with redshift. The majority of the
X-ray sources populate the upper portion of the colour range — this is discussed in the
following section.
4.4.2.1 Colour-Magnitude Diagram
In Figure 4.16 the z ∼ 1 CMD is shown. X-ray sources that are luminous (108 objects;
log(L2−10keV) ≥ 43) or obscured (120 objects; log(NH) ≥ 22) are marked with different
symbols. The region in the bottom right hand corner encloses very bright and blue sources
— these objects are defined to be QSOs by using the same criteria defined in Coil et al.
(2009), after being converted into the cosmology used in this work (i.e. h = 0.7 instead of
h = 1). The optical flux from these objects is likely dominated by the AGN rather than the
host galaxy (see §4.4.2.2). The dashed line represents the division between red and blue
galaxies, as defined by W06 and shown in equation 4.5, first being converted into the AB
magnitude system using (U − B)AB = (U − B)Vega + 0.83 (W06). This line originates from
the Colour-Magnitude relation for distant red cluster galaxies (see W06); this relation
does not evolve with redshift but this should not have any significant effects as the U − B
colour is not seen to strongly evolve with redshift for this sample (Figure 4.15) — this
line is therefore adopted for all redshifts (W06).
U − B = −0.032(MB + 21.62) + 1.034 (4.5)
By using equation 4.5 to define red, blue and green galaxies (W06), the distribution of
the X-ray sources in colour-magnitude space can be looked at in more detail. The number
of X-ray sources (excluding the 9 QSOs discussed below) in each sample are: 171 (61%)
in blue, 60 (22%) in red and 48 (17%) in green host galaxies. This indicates that the X-ray
sources are found in both red/green (39%) and blue (61%) host galaxies (e.g. N07; Coil
et al., 2009). For the optical galaxies, there are 5300 (85%) blue, 658 (11%) red and 273
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Figure 4.15: Top: B-band magnitude against redshift for the samples of X-ray sources
(288 sources; red triangles) and optical galaxies (6231 galaxies; black dots). X-ray
sources are found in optically bright (MB < −20.5) host galaxies. Bottom: Rest-frame
U − B colour as a function of redshift for X-ray sources and 6231 optical galaxies. Sym-
bols are as in the left panel. Most X-ray sources are found in the upper portion of the
plot.
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(4%) green galaxies. The strong colour bimodality of the optical sample contrasts with
that of the X-ray sample.
The distribution of the rest-frame U − B colours is also shown in Figure 4.16, with
the extent of the green valley (region in between the dashed lines) shown for the median
MB value of the optical sample, MB = −20.68. The optical galaxies are shown to be bi-
modal in rest-frame optical colour (e.g. Strateva et al., 2001; Baldry et al., 2004; Brammer
et al., 2009) whilst the X-ray sources inhabit host galaxies which lie at the top of the blue
cloud, in the green valley and on the red sequence (e.g. N07; Martin et al., 2007; Coil
et al., 2009).
4.4.2.2 AGN Contamination of Optical Light
In the CMD there are 9 bright and blue objects (QSOs), comprising 3% of the X-ray
sample, all of which have log(L2−10keV) ≥ 43 and 5/9 (56%) having log(NH) ≥ 22. Three
of the nine are from the GOODS fields and are all point sources when viewed in the
HST/ACS images. Of the six AEGIS sources, two are covered by HST/ACS and are
also both bright point sources. In addition, when looking at the correlation between the
emission originating from the AGN (LX) and that from the galaxy (MB; e.g. N07), it can
be seen that there is a correlation between these quantities, suggesting contamination of
the galaxy light by the central AGN. These X-ray sources are therefore removed from any
analysis utilising the colours or stellar masses of these objects, as they are unlikely to be
reliable.
To confirm that AGN contamination is not an issue for the remainder of the sample,
all the available HST/ACS images were visually inspected for a blue point source which
could have been contaminating the measured host galaxy colour. These images are avail-
able for ∼80% of the X-ray sample. Any object which has a visible bright and blue point
source (including one within an extended object) was first removed from the sample (24
objects met this criteria) with all the following statistics then being recalculated. None of
the results quoted in this chapter were found to notably change, and all of the conclusions
drawn from the analysis remained the same.
4.4.2.3 Rest-frame U − B Colours
Using log(NH) ≥ 22 to discriminate between obscured and unobscured X-ray sources, the
rest-frame U − B colours of the X-ray sample are now investigated. There are 118 (42%)
obscured and 161 (58%) unobscured X-ray sources, excluding the QSOs. Figure 4.17
shows the distribution of obscured and unobscured X-ray sources in U − B colour. The
median U − B colour of the obscured and unobscured samples is 0.95 and 0.87 respec-
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Figure 4.16: Top: Colour-magnitude diagram for the z ∼ 1 samples discussed
in this chapter. X-ray sources are shown as red circles whereas the small black
crosses are the optical galaxies. Luminous (log(L2−10keV) ≥ 43) and lower luminosity
(log(L2−10keV) < 43) X-ray sources are shown by large and small circles, respectively.
Sources which are obscured (log(NH) ≥ 22) are shown as green objects. The dashed
line represents the division between red and blue galaxies, with the ‘green valley’ being
the region in between the two dotted lines. The dot-dot-dot-dash line defines the region
which encloses the QSOs (see text). X-ray sources are generally in optically bright galax-
ies and lie in the upper part of the blue cloud, the green valley and on the red sequence.
Bottom: Distribution in U − B colour for the X-ray (filled histogram) and optical (back-
ground histogram) samples. The dashed line shows the green valley at the median MB
value (=-20.68) of the optical sample. The bimodality in colour of the optical galaxies is
clearly shown, whilst the X-ray sources inhabit host galaxies with colours which peak in
and around the green valley.
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Figure 4.17: Distribution in rest-frame U − B colour for obscured (red histogram) and
unobscured (hatched histogram) X-ray sources. The number of objects in each bin has
been scaled by the total number of objects in each respective sample. Performing a K-S
test on the two distributions gives only a 6.8% probability that they are drawn from the
same population.
tively; when using a two sample Kolmogorov-Smirnov (K-S) test, the U − B colour dis-
tribution for the obscured and unobscured sources gives PKS = 0.068, suggesting that the
samples are unlikely to be randomly drawn from the same parent population — this result
is significant at 93.2% confidence. The fraction of unobscured sources that are red/green
is 35% — this rises to 44% for the obscured sources and to 67% for the most obscured
(log(NH) ≥ 23.5) sources. The fraction of red or green X-ray sources that are obscured
is 48%, the figure for the blue X-ray sources is 39%. The most obscured sources have a
median U − B colour of 1.06. For sources with log(NH) < 23.5 the corresponding value
is 0.91.
These results suggest that a higher fraction of red/green X-ray host galaxies harbour
obscured AGN than the blue X-ray host galaxies, and the most obscured sources are more
likely to be found in red/green host galaxies than blue (e.g. Rovilos & Georgantopoulos,
2007). Coil et al. (2009) find a similar result in that the hardest X-ray sources in their
sample were found in red host galaxies.
Now turning to the relationship between X-ray luminosity and rest-frame U − B
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Figure 4.18: Distribution in rest-frame U − B colour for luminous (log(L2−10keV) ≥ 43;
red histogram) and lower luminosity (log(L2−10keV) < 43; hatched histogram) X-ray
sources. The number of objects in each bin has been scaled by the total number of ob-
jects in each respective sample. The distributions are consistent with being drawn from
the same parent population (see text).
colour, there are 180 X-ray sources (65%) with log(L2−10keV) ≥ 43 and 99 (35%) with
log(L2−10keV) < 43. The distribution in U − B colour is shown for both the luminous and
lower luminosity samples in Figure 4.18. A K-S test gives PKS = 0.383, meaning that
the two distributions are likely drawn from the same parent population. Indeed, the frac-
tions of red/green and blue galaxies that have log(L2−10keV) ≥ 43 are similar — 36% of
blue X-ray sources are luminous whilst the fraction for the red/green galaxies is 34%.
This suggests that, after the removal of the QSOs, the colours of the host galaxies are not
heavily contaminated by the AGN, as the more luminous sources would then have bluer
colours than the lower luminosity sources.
Splitting the X-ray sample into two redshift intervals, 0.6 < z < 1.0 and 1.0 < z < 1.4,
the U − B colours of the X-ray sources at different redshifts are briefly examined. Only
optically luminous X-ray sources (MB < −20.5) are considered, to minimise colour bi-
ases, as faint red galaxies will fall below the flux limits of surveys at lower redshifts than
blue galaxies (e.g. Gerke et al., 2007). The median U − B colour of the low redshift (160
sources) and high redshift (81 sources) samples is 0.92 and 0.84 respectively. In the low
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(high) redshift sample the fractions of red/green and blue host galaxies is 39% (33%) and
61% (67%) respectively. Comparing the U − B distribution of the low and high redshift
samples using a K-S test gives PKS = 0.029, indicating that the higher redshift X-ray
sources reside in hosts with bluer colours than the lower redshift sources (e.g. Silverman
et al., 2008).
4.4.2.4 Stellar Masses
The stellar masses of all galaxies are calculated as described in §4.3.4. Figure 4.19 shows
the distribution of stellar masses for both X-ray sources and optical galaxies, again re-
moving the 9 QSOs discussed previously. From this figure it can clearly be seen that the
X-ray sources reside in massive galaxies, in contrast to the optical sample, with 243/279
(87%) of the X-ray sources having log(M∗/ M⊙) ≥ 10.5. The respective figure for the
optical galaxies is 36%, and it can be seen that they have stellar masses ranging from
9 . log(M∗/ M⊙) . 12. A K-S test gives a probability of >99.99% that the distributions
are not randomly drawn from the same parent sample. The fact that X-ray sources are
preferentially found in massive host galaxies with log(M∗/ M⊙) ≥ 10.5 is a result that has
previously been found by numerous authors (e.g. Bundy et al., 2008; Brusa et al., 2009;
Yamada et al., 2009; Silverman et al., 2009b; Xue et al., 2010)
Figure 4.20 shows the U − B colour as a function of stellar mass. It can be seen that
as the mass of a galaxy increases both the X-ray sources and optical galaxies become
redder in optical colour. As the galaxy becomes more massive the stellar population ages
resulting in redder observed colours. The bottom panel of Figure 4.20 shows the stellar
mass against redshift — at all redshifts the X-ray sources reside in massive galaxies as
discussed above.
4.5 Discussion
In this work a large sample of X-ray sources is utilised to investigate the rest-frame prop-
erties of AGN host galaxies and how these compare to those of non-active galaxies. The
results of this study have shown that AGN inhabit a specific region of parameter space on
the CMD, namely that they are found in optically luminous (MB . −20.5) host galaxies
which are at the top of the blue cloud, on the red sequence and in the valley in between
(Figure 4.16). This is a result that has been found by numerous previous studies of X-ray
selected AGN at z ∼ 1 (e.g. N07; Silverman et al., 2008; Coil et al., 2009). However, if the
optical colours of the host galaxies are studied as a function of stellar mass (Figure 4.20),
it can be seen that they are now no different from optical galaxies of equivalent mass. It
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Figure 4.19: Distribution of stellar masses derived from the rest-frame optical colours
for the X-ray sources (red histogram) and the optical galaxies (hatched histogram). The
number of objects in each bin has been scaled by the total number of objects in each
respective sample. The majority of X-ray sources are found to inhabit galaxies with
log(M∗/ M⊙) ≥ 10.5.
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Figure 4.20: Top: Rest-frame U − B colour as a function of stellar mass. X-ray sources
are shown as the red triangles whilst the optical galaxies are shown as the small black
crosses. As the stellar mass increases both the host galaxies of the X-ray sources and the
optical galaxies become redder. Bottom: Stellar mass as a function of redshift. Symbols
are as in the top panel. At all redshifts X-ray sources are predominantly found in massive
(log(M∗/ M⊙) ≥ 10.5) host galaxies.
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is only the fact that X-ray sources are found in massive (log(M∗/ M⊙) > 10.5) host galax-
ies (Figure 4.19), which causes them to stand out on the CMD (e.g. Xue et al., 2010).
In essence then, the AGN host galaxies have similar rest-frame properties to non-active
galaxies of similar mass.
By studying the obscuration of the X-ray sources as a function of the host galaxy
colour, it is found that a higher fraction of red/green X-ray host galaxies harbour ob-
scured AGN than the blue X-ray host galaxies. In addition, the most obscured sources are
also more likely to be found in red/green host galaxies than blue (e.g. Rovilos & Geor-
gantopoulos, 2007). This may indicate that obscured AGN are more likely to be found
in galaxies with old stellar populations. Alternatively, some obscured AGN could reside
in galaxies which have red colours due to dust reddening — for example, at z ∼ 1 Car-
damone et al. (2010) found that 50% of their obscured AGN had colours consistent with
younger stellar populations with differing amounts of dust. Without correcting for extinc-
tion, it is hard to differentiate between these scenarios. It is also possible that some of the
unobscured AGN that appear to reside in bluer host galaxies actually have redder colours,
due to contamination of the galaxy light by the central AGN. This seems unlikely though,
as QSOs (as defined in Coil et al., 2009) were removed from the sample before any anal-
ysis was performed, and these results do not change when removing all AGN which show
any bright blue point source in their HST/ACS images (see §4.4.2.2).
Another result of this study is that AGN host galaxies at higher redshift are found to
be bluer in optical colour than their counterparts at lower redshift, as found by previous
authors (e.g. Silverman et al., 2008). This is expected as there are more luminous blue
galaxies at higher redshifts than at lower redshift (e.g. Bell et al., 2004), and so a higher
fraction of the X-ray sources (which generally inhabit luminous galaxies) are expected to
be found in blue galaxies at higher redshift.
4.6 Summary
In this chapter, the selection of the main samples of X-ray sources and optical galaxies
that are used in this and the following chapter have been detailed. Methods used to derive
rest-frame optical (U − B) colours, absolute B-band magnitudes and stellar masses have
also been described. The properties of the X-ray sources have then been investigated and
subsequently compared to a sample of non-active galaxies.
The rest-frame colours, magnitudes and stellar masses that have been derived using
the above methods will now be used for another purpose, which is to investigate the
environments of z ∼ 1 X-ray sources, accounting for the colour, optical luminosity and
stellar mass of their host galaxies (Chapter 5).
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Chapter 5
Environments of z ∼ 1 X-ray Sources in
AEGIS
Overview
This chapter presents an analysis of the large-scale structure environments of X-ray se-
lected AGN at z ∼ 1 using an X-ray sample constructed from the AEGIS. The 3rd nearest
neighbour approach is utilised to investigate the local environment of AGN host galaxies
compared to non-active galaxies. The colour, luminosity and stellar masses derived in
the previous chapter are used here to study the environment of AGN host galaxies as a
function of these properties.
X-ray sources are found to reside in denser environments than optical galaxies at
a high level of confidence — this result becomes less significant when controlling for
both the rest-frame optical colour and luminosity, confirming previous results from Geor-
gakakis et al. (2007). The X-ray luminosity (LX) and X-ray obscuration (NH) distributions
indicate no correlation with the mean overdensity estimator, 1 + δ3, similar to previous
work. A new and important result of this work is that X-ray sources are found in denser
environments than optical galaxies of equivalent mass, significant at >99% confidence,
but are not found in redder galaxies for the same stellar mass. This indicates that it is
not the colour-density relation which is driving the difference between the two. When
matching in stellar mass, X-ray host galaxies with blue colours (U −B ∼ 0.5; significance
98%) and red colours (U − B ∼ 1.3; significance 96%) are still found in denser environ-
ments than optical galaxies of the same colour, although the observed enhancement for
the bluest X-ray host galaxies is very likely due to contamination by the AGN. Similarly,
X-ray sources with MB < −21 mag are found to be in denser environments than optical
galaxies of the same stellar mass and optical luminosity distribution.
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The results of this study show that the denser, group-like environments probed in this
work are conducive to the triggering of AGN activity at z ∼ 1, plausibly due to gas-rich
minor mergers/galaxy interactions preferentially occurring in these regions. The work
presented herein can be found in a forthcoming publication (Digby-North et al., 2011,
submitted to MNRAS)
5.1 Introduction
The relationship between large-scale structure environment and AGN activity at z ∼ 1 is
far from clear. One way to investigate this is to ask if X-ray selected AGN (which provide
a relatively clean sample) inhabit regions of higher density than optical galaxies.
Clustering studies of both optical and X-ray selected AGN at z ∼ 1 have found corre-
lation lengths in the range 5–10 h−1 Mpc (e.g. Croom et al., 2005; Gilli et al., 2005; Miyaji
et al., 2007, and references therein), which is found to be consistent with that of early-
type galaxies at similar redshifts. Georgakakis et al. (2007) used a relatively small sample
of 53 X-ray sources in AEGIS to conclude that the X-ray sources avoid underdense re-
gions with log(1 + δ3) < −0.5 at a high level of confidence, although this is substantially
reduced when accounting for the colour and luminosity distribution of the X-ray host
galaxies. Using 36 red-sequence X-ray selected AGN at z ∼ 1 in AEGIS, Montero-Dorta
et al. (2009) find these sources have little or no environmental preference when compared
to the underlying population, although they note that the large uncertainties may mask
trends that improved statistics could yet reveal. Georgakakis et al. (2008a) find that X-ray
AGN are more likely to be found in the group environment, a result that is significant
at the 99% confidence level, although when accounting for the optical luminosity and
rest-frame colour of the sources this reduces to 91% confidence. Coil et al. (2009) used
clustering analyses to study X-ray selected AGN at z ∼ 1 in AEGIS, finding that they have
clustering scale lengths of r0 = 5.95 ± 0.90h−1 Mpc, similar to that of red/green galaxies
and significantly higher than that of blue galaxies at z ∼ 1. They also find evidence that
X-ray hosts are more clustered than non-active galaxies of similar colour/luminosity. Sil-
verman et al. (2009a) used nearest neighbour counts and mass-selected samples to study
the environment of z ∼ 1 X-ray AGN in zCOSMOS, finding no significant difference
between the environments of X-ray sources and optical galaxies. Current observations
seem to indicate that X-ray AGN may prefer dense regions at z ∼ 1 (albeit at a low signif-
icance level), even when accounting for colour and luminosity, and therefore mass (Coil
et al., 2009). Having said this, it is the lack of statistically significant results (due to the
small sample sizes) which leaves this an interesting, and as yet, unresolved question that
requires a larger sample to address properly. More specifically, there is yet to be a study
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which explicitly takes into account the effects of stellar mass, which is what this work
aims to address.
In this chapter a sample of 99 X-ray sources with environment measures and 0.6 <
zspec < 1.4 is constructed from the AEGIS field. Recent Chandra observations of a ∼0.27
square degree region (AEGIS-X Deep; Nandra et al., in prep) are combined with previous
∼200 ks observations of the EGS to maximise the sample size. This work seeks to inves-
tigate the environments of z ∼ 1 X-ray selected AGN compared to optical galaxies when
controlling for the rest-frame colour, optical luminosity and stellar mass of the samples.
Unless otherwise stated a standard, flat ΛCDM cosmology is adopted with ΩΛ = 0.7,
h = 0.7 and AB magnitudes (Oke & Gunn, 1983).
5.2 Environment Measures - δ3
In this chapter, the environment measure employed to study the local density of galaxies is
the projected nth-nearest neighbour approach (Cooper et al., 2005, 2006, hereafter C05,
C06). By conducting tests on mock galaxy catalogues, C05 find this method to be the
most accurate way of determining the local galaxy density for a DEEP2 selected sample,
over a large range of environmental densities. In particular, it has been found that using
the 3rd nearest neighbour projected distance provides the most reliable measure of local
density, as using e.g. the 2nd nearest neighbour would pick out mainly pairs of galaxies
and e.g. the 5th nearest neighbour could be more likely to pick up nearby structures than
galaxies in the vicinity of the one in question. C05 also find that the 3rd nearest neighbour
distance minimises edge and redshift-space distortion effects. Detailed comparisons to
other frequently used environment measures can also be found in C05. In this thesis,
the quantity 1 + δ3 has been calculated for all the DEEP2 galaxies in AEGIS by Dr. M.
Cooper, following the methods in C05 and C06.
5.2.1 Calculation of δ3
To obtain an estimate of the local galaxy density the DEEP2 redshifts are used to estimate
the projected distance on the sky to the third nearest spectroscopic neighbour, D3. This is
calculated within a line-of-sight velocity slice of ±1000 km s−1 which is used to exclude
both foreground and background galaxies. It has been found that using a velocity window
of ±1000 km s−1 to ±1500 km s−1 is the range which best maintains the sensitivity of D3
over both high and low density environments for DEEP2 selected samples (Table 2, C05).
The projected distance is then used to calculate the projected surface density, Σ3, as shown
in equation 5.1. Due to the fact that the DEEP2 survey has both variable spectroscopic
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completeness and targeting rates which depend on the position on the sky, the Σ3 values
for each galaxy are scaled by the value in the DEEP2 two-dimensional completeness map
(Coil et al., 2004a; C06). This map gives the probability of a galaxy located at a specific
position being targeted for spectroscopy and having a measured redshift, assuming that it
meets the selection criteria of the DEEP2 survey. As DEEP2 is also a magnitude-limited
(RAB < 24.1) survey, there is a redshift-dependence on the survey sampling rate, in that at
higher redshifts fewer faint galaxies (within a specific volume) are picked up than at lower
redshifts. To correct for this, the projected surface densities are divided by the median Σ3
value at the redshift of each galaxy using a redshift window of ∆z = 0.04 (C05; C06).
C05 note that this correction does not overcorrect the differences in environment that are
a result of cosmic variance. These corrections result in a quantity, 1 + δ3, that is now an
estimate of the local overdensity, for a particular galaxy, relative to the median galaxy
overdensity at the redshift of that galaxy.
Σ3 =
3
(piD23)
(5.1)
5.3 Sample Selection
Beginning with the samples of AEGIS X-ray sources and optical galaxies described
in Chapter 4, there are 152 X-ray sources and 4413 optical galaxies with secure
DEEP2/DEEP3 spectroscopic redshifts in the range 0.6 < z < 1.4. Utilising an envi-
ronment catalogue of 12275 DEEP2 galaxies in the EGS from C06, the X-ray and opti-
cal samples were cross-correlated with the catalogue resulting in 125/152 X-ray sources
and 4013/4413 optical galaxies with available environment measures. These samples are
further restricted to those galaxies with z < 1.35, as the environment measures are not
expected to be reliable above this limit due to the lack of DEEP2 redshifts available to
map the large-scale structure (M. Cooper, private communication)
For galaxies near the edges of the field being studied, calculated measures of local
density are found to be biased, in that they are underestimated (C05, C06). To account
for this effect, C06 exclude galaxies that are <1 h−1 Mpc (h=1) from field edges or gaps,
a selection requirement that is also applied to the galaxy samples in this work. This
criterion creates samples with typically only ∼10% of the data affected by edge effects,
whilst also maximising the typical fraction of the sample that is retained (∼75%; see
C05). Applying this cut results in the removal of 26 X-ray sources (21%) and 853 optical
galaxies (21%) from the samples, leaving 99 X-ray sources and 3160 optical galaxies. The
redshift distribution of the resulting X-ray and optical samples are shown in Figure 5.1,
with the number of objects in each bin scaled by the total number of objects in that sample.
5.4 Results 125
Figure 5.1: Redshift distributions for the environment subsamples of 99 X-ray sources
(red histogram) and 3160 optically selected galaxies (hatched histogram) used in this
work. The number of objects in each bin has been scaled by the total number of galaxies
in the respective sample.
The median redshifts of the X-ray and optical samples are 0.82 and 0.85, respectively.
A K-S test shows that these samples are expected to be drawn from the same parent
population and so no further redshift restrictions on the samples are made.
5.4 Results
Building on the work of Georgakakis et al. (2007), but with an X-ray sample approxi-
mately twice as large, the third-nearest neighbour approach (as described in §5.2) was
used to provide estimates of the local galaxy overdensity to compare the environments of
X-ray sources and optically selected galaxies. Firstly, 500 randomly selected subsamples
of DEEP2 spectroscopic optical galaxies are constructed, each one 99 in size. The mean
1 + δ3 distribution for the 500 random control samples is shown in Figure 5.2 (in bins of
log[1 + δ3] = 0.5); the mean values in each bin are connected by the solid line, with the
1σ rms uncertainty shown by the dotted lines. The 1+δ3 distribution of the X-ray sources
is shown as the filled orange histogram. From this plot the X-ray sources are shown to
inhabit denser environments, on average, than the optical galaxies in that they seem to
favour environments with log(1 + δ3) ≥ −0.5. This contrasts the log(1 + δ3) distribution
of the optical galaxies, which inhabit a range of environments with −2 ≤ log(1 + δ3) ≤ 2.
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A K-S test indicates that these two distributions are different, i.e. the null hypothesis that
these distributions are drawn from the same parent population is rejected, at a confidence
level of 99.97%.
As previously shown in both chapter 4 (Figure 4.15) and previous work, X-ray
sources are typically found in luminous host galaxies, with MB . −20 mag. Locally,
studies of the relationship between absolute magnitude and environment have shown that
more luminous galaxies inhabit regions of increased overdensity than less luminous ones.
C06 looked at the relationship between luminosity and environment at z ∼ 1 and found
both red and blue galaxies are found in increasingly denser environments as their lumi-
nosity increases. They note that this contrasts with results in the local universe, where
only red galaxies have this dependence — local blue galaxies have not generally been
found to have any luminosity dependence (e.g. Hogg et al., 2003; Blanton et al., 2005),
although for the brightest blue galaxies a correlation has been found (e.g. Zehavi et al.,
2005). To investigate this luminosity dependence, each of the 500 random subsamples of
optical galaxies is required to match the MB distribution of the X-ray sources. When cre-
ating these random subsamples, the number of X-ray sources in each MB bin (with width
δMB = 0.5 mag) is reproduced in each of the optical samples by randomly selecting from
the optical galaxies (within that bin) to control for the absolute luminosity distribution of
the X-ray sources. Repeating the K-S test on these luminosity matched samples again re-
jects the null hypothesis that the optical and X-ray distributions are drawn from the same
parent population, the result now significant at 99.76% confidence. So, when accounting
for the brighter luminosity of the X-ray host galaxies the X-ray sources are still found to
reside in denser regions than their optical counterparts.
C06 find that at z ∼ 1, DEEP2 blue galaxies tend to reside in lower density environ-
ments than red galaxies, by a factor of ∼1.5 in δ3 (see their Figure 5). To account for this
effect, the randomly selected subsamples of optical galaxies are then matched to both the
U−B colour and absolute magnitude (MB) distributions of the X-ray sources. The number
of X-ray sources are determined in bins of δ(U − B) = 0.2 and δMB = 0.5, with the same
number of optical galaxies then being randomly selected from the original optical sample
for each bin. For example, the number of X-ray sources that lie within the brightest MB
bin and the bluest U − B bin are reproduced in the optical sample, then moving to the
brightest MB bin combined with the next bluest U − B bin and so on. Repeating the K-S
test on the distribution of (1 + δ3) for the X-ray sources and the optical galaxy samples
that are matched in both U − B colour and absolute B-band magnitude indicates that the
distributions are now only different at 91% confidence.
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Figure 5.2: Shown is the mean distribution (solid line) of log(1 + δ3) for 500 randomly
selected subsamples (each 99 in size) of optical galaxies with 0.6 < z < 1.35, in bins of
log(1 + δ3) = 0.5. The 1σ rms uncertainty is also shown, denoted by the dotted lines.
The 99 X-ray sources in the sample are shown as the filled orange histogram. It can be
seen that the X-ray sources seem to inhabit denser environments than the optical galaxies,
with a preference to avoid environments with log(1 + δ3) . −0.5.
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5.4.1 LX and NH
To investigate whether there is any dependence of mean environment on the X-ray lu-
minosity of a source, Figure 5.3 shows the weighted mean overdensity estimator as a
function of LX (2–10 keV), in bins of width log(LX) = 0.5. To account for the fact that
the DEEP2 survey is flux-limited and therefore subject to the Malmquist bias, when cal-
culating the average values of log(1 + δ3) in each bin (in this and the following sections),
both the individual optical galaxies and X-ray sources are weighted by the inverse of the
maximum volume available to a galaxy (1/Vmax), thereby minimising this bias (C06). The
error bars denote the 1σ weighted standard error in each bin, calculated by finding the
weighted standard deviation and dividing by the square root of the number of objects in
that bin. Here it is noted that for bins with less than ∼10 objects the mean and associated
error bar may not be well estimated. There is no observed correlation between the X-ray
luminosity and the mean environment of an X-ray source. Also shown in Figure 5.4 is the
distribution of log(1+δ3) for high (log(LX) ≥ 42.75; 45 objects) and low (log(LX) < 42.75;
54 objects) luminosity X-ray sources, using bin sizes of log(LX) = 0.2 dex. Applying a
K-S test to the two distributions gives PKS = 0.466, indicating that the high and low X-ray
luminosity samples are drawn from the same parent distribution and there is no environ-
mental dependence on the X-ray luminosity, as found in other work (e.g. Silverman et al.,
2009a; Coil et al., 2009).
To split the X-ray sources into roughly equal obscured and unobscured samples
log(NH) ≥ 22 is used, yielding 46 obscured and 53 unobscured sources. In Figure 5.5
the distribution of the log(1 + δ3) values for the unobscured (red filled histogram) and
obscured (hatched histogram) sources is shown. A K-S test on the two distributions gives
PKS = 0.421, also indicating that both distributions are likely drawn from the same parent
population. A similar result to this was found previously by Coil et al. (2009) — these au-
thors did not find any dependence of clustering strengths on X-ray hardness ratio. Using
5th nearest neighbour counts Silverman et al. (2009a) also did not find any dependence of
environment on X-ray hardness ratio.
5.4.2 Environmental Dependence — Host Absolute Magnitude
As outlined above, there is an environmental dependence on the absolute magnitude of
both red and blue galaxies at z ∼ 1. To explore the environmental differences between
X-ray sources and optical galaxies when accounting for absolute magnitude, the mean
overdensity for both the X-ray sources and the 500 subsamples of randomly selected
optical galaxies is plotted as a function of MB in Figure 5.6. The 500 subsamples are
matched to the X-ray sources in their MB distribution, as described in the previous section.
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Figure 5.3: Weighted mean overdensity estimator, log(1 + δ3), against 2–10 keV X-ray
luminosity. The mean overdensity values are weighted by 1/Vmax (see text) whilst the
errors denote the weighted standard error in each bin. The number of objects in each
bin (lowest to highest) are: 11, 17, 26, 19, 19 and 5. The two remaining sources which
have log(Lx) ∼ 44.5 are not shown due to the lack of objects in this bin. No correlation
between X-ray luminosity and overdensity is observed.
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Figure 5.4: Distribution of the overdensity estimator, log(1 + δ3), for X-ray luminous
(log(LX) ≥ 42.75; red filled histogram) sources and X-ray sources of lower luminosity
(log(LX) < 42.75; hatched histogram). Both samples of sources reside in regions of
similar mean local density.
Figure 5.5: Distribution of the overdensity estimator for unobscured (log(NH) ≥ 22; red
filled histogram) and obscured (log(NH) < 22; hatched histogram) X-ray sources. Ob-
scured and unobscured sources are seen to inhabit regions of similar mean local density.
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Figure 5.6: Weighted mean overdensity estimator, log(1 + δ3), as a function of absolute
B-band magnitude for X-ray sources (red triangles) and 500 randomly selected subsam-
ples of optical galaxies (black stars). The mean overdensity values and uncertainties are
calculated as for Figure 5.3. The number of X-ray sources in each bin (faintest to bright-
est) are: 6, 16, 21, 25, 19 and 4. Bins with less than 4 sources are not shown. The X-ray
sources are in denser environments than the X-ray sources at all MB, but the effect is
more pronounced for the most luminous hosts.
The weighted means are plotted for each MB bin (of width 0.5 mag) for both the X-ray
sources and the optical galaxies.
Figure 5.6 shows that at lower luminosities (MB > −21 mag), X-ray sources re-
side in environments that are similar to those of optical galaxies. For more luminous
(MB < −21 mag) objects, the X-ray sources clearly inhabit regions of higher den-
sity than the optical galaxies, with the difference between the X-ray and optical the
largest for galaxies with −22.5 < MB < −23.0 (∼0.5 dex; see Table 5.2 for the signif-
icance of the enhancement in each bin). The X-ray sources are found to be in luminous
(MB . −20.5 mag) host galaxies as reported in chapter 4 and other previous works. For
the X-ray sources there is an increase in the mean overdensity of ∼0.5 dex between the
faintest and brightest bins, consistent with the clustering analyses of Coil et al. (2009).
Also, both the X-ray sources and the optical galaxies show a general trend where the
higher luminosity bins show higher values of log(1 + δ3). This confirms results from
many past works showing that brighter galaxies tend to live in denser regions than fainter
galaxies (e.g. Hogg et al., 2004; C06; Georgakakis et al., 2007).
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5.4.3 Environmental Dependence — Rest-frame Colour
There is a strong relationship between the rest-frame optical colour of a galaxy and the
environment in which it resides (i.e. the colour–density relation). This relationship is
stronger than that between luminosity and environment (e.g. Coil et al., 2008). Locally,
the bluest galaxies are found to inhabit lower density regions than redder galaxies (e.g.
Hogg et al., 2003; Blanton et al., 2005). This has recently been shown to also be the
case at z ∼ 1 (C06), although there are differences — the environments of local blue
galaxies are found to be independent of luminosity in the local universe (e.g. Hogg et al.,
2003, although see Zehavi et al. 2005), but at z ∼ 1 C06 find a strong correlation between
luminosity and mean environment for blue galaxies, in that the brighter blue galaxies
are on average in denser mean environments. Both locally and at high redshift strong
evidence is found to support more luminous red galaxies being found, on average, in
more overdense regions than red galaxies of lower luminosity.
To account for the variation in mean environment with colour, the X-ray sources
and optical galaxies are matched in rest-frame U − B in the same way as for absolute
magnitude. In Figure 5.7 the mean overdensity of X-ray sources relative to that of the
randomly selected optical galaxies is shown as a function of rest-frame U −B colour. The
bluer optical galaxies are found to reside in less dense environments than redder galaxies
at z ∼ 1 (e.g. C06). In this plot, the X-ray sources and optical galaxies are found to reside
in similar environments for intermediate rest-frame colours, 0.6 < U − B < 1.2, but for
the reddest and bluest galaxies the X-ray sources inhabit environments of higher mean
overdensity than the optically selected galaxies. For galaxies in the U − B = 1.3 bin, a
K-S test comparing the distribution of log(1 + δ3) rejects the null hypothesis that the red
X-ray sources and optical galaxies are drawn from the same parent population, significant
at ∼97% confidence. Here a cautionary note is included — although the median number
of X-ray sources per bin is 23, the reddest bin contains only 6 sources and so may be
subject to problems with small number statistics. For the U − B = 0.5 bin (11 sources),
the bluest X-ray sources are found in overdense regions significant at ∼98.5% confidence,
when compared to the distribution of the overdensity estimator for optical galaxies of the
same colour. If the optical galaxies are restricted to the same range of absolute magnitude
as the X-ray sources (i.e. MB < −20.25 mag) then a K-S test comparing the distributions
of overdensity values for the X-ray sources and optical galaxies finds evidence for the
two not being drawn from the same underlying population, still significant at the ∼97.5%
confidence level for the bluest bin and ∼97% for the reddest bin (also see Table 5.3).
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Figure 5.7: Weighted mean overdensity estimator, log(1+δ3), as a function of rest-frame
(U − B) colour for X-ray sources (red triangles) and 500 randomly selected subsamples
of optical galaxies (black stars). The mean overdensity values and uncertainties are cal-
culated as for Figure 5.3. The number of X-ray sources in each bin (bluest to reddest) are:
11, 23, 25, 32 and 6. The X-ray sources inhabit similar environments to the optical galax-
ies for intermediate colours, but for the reddest (U − B = 1.3) and bluest (U − B = 0.5)
bins the X-ray sources reside in denser environments than the optical galaxies.
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5.4.4 Contamination of the Optical Flux by AGN Light
If the X-ray sources in the bluest bin are studied in more detail, it is possible to investigate
whether the light measured is originating from the host galaxy or is being contaminated by
the central AGN. There are 11 X-ray sources with 0.4 < U − B < 0.6 in the sample, with
a median X-ray luminosity of L2−10keV = 1.03 × 1043 erg s−1 and a range of 4.0 × 1041 .
L2−10keV . 1.7 × 1044 erg s−1. The median X-ray luminosity of sources in the U − B = 0.5
bin is also found to be a factor of two higher than the median luminosity in the other bins,
suggesting that AGN light may be contaminating the observed emission. Another way to
check for contamination by AGN light uses the correlation between the light originating
from the AGN (LX) and the light from the host galaxy, MB (e.g. N07; Xue et al., 2010).
Figure 5.8 shows the relationship between the optical and X-ray luminosities for the 11
X-ray sources in this bin. It is evident from the plot that there appears to be a dependence
of one quantity on the other for these sources. The Pearson’s correlation coefficient, p,
is calculated for these 11 X-ray sources and is found to be p = −0.63 — this suggests a
moderate correlation between the two quantities, i.e. it is possible that the light received
in the two bands is originating from the same source (the AGN), or at least the optical
host galaxy light is being contaminated to some degree. For comparison, the remainder
of the sample has p = −0.31 (for the reddest bin p = −0.23) indicating that the observed
colour is that of the host galaxy and not the AGN. It is noted that a small degree of
correlation between these quantities may be expected, as more luminous X-ray sources
would generally be found in more optically luminous hosts.
To determine if the blue colours of the galaxies in this bin are due to light from
the host galaxy or the central AGN, the HST/ACS images available in this field (Davis
et al., 2007; Lotz et al., 2008) are also studied. If the AGN is clearly visible as a blue
point source in the ACS images then it is possible that the total optical light will be
contaminated by the AGN. Of the 11 sources in the bluest bin, 5 are not covered by
the ∼0.2 deg2 ACS images. Images of the remaining 6 sources (OBJNOs 12007686,
12020452, 12029114, 13011693, 13018886 and 13100737) are available, and shown in
Figure 5.9. OBJNO 12020452 shows a bright blue point source — light from the AGN
is therefore expected to affect the observed colour of the host. In the images of OBJNOs
12007686 and 13018886 the AGN can just about be seen, although it is not bright and
blue in colour.
The results for the U − B = 0.5 sources suggest that the blue colours of the X-ray
sources may not be due to the host galaxy, but may be contaminated by light originating
from the AGN, possibly even dominated by it. Figure 1 of N07 (solid line) shows the
effect on the U −B colour when a QSO contributes ∼50% of the B-band flux to the colour
of pure elliptical galaxy — a change of δ(U − B) ∼ 0.6 is expected. This would result
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Figure 5.8: X-ray luminosity (2–10 keV) against optical luminosity (MB) for the 11 X-
ray sources with 0.4 < U − B < 0.6 (red circles) and the remainder of the X-ray sample.
The sources in the bluest bin show more of a correlation between the optical and X-ray
luminosities, indicating that the emission in the two bands is likely originating from the
same source (i.e. the central AGN) resulting in U − B colours that may not represent that
of the host galaxy.
in a red galaxy being observed to have a much bluer colour due to the contamination.
Pierce et al. (2010) studied this effect in more detail by adding AGN spectra to that of
elliptical/spiral galaxies and measuring the change in the observed U − B colour; these
authors find the U −B colour can become bluer by up to δ(U −B) = 0.5 or δ(U −B) = 1.0
for an AGN contributing 20% and 50% of the B-band flux, respectively. They conclude
that observed AGN host galaxies exhibiting U − B < 0.5 are consistent with optically red
galaxies with the AGN contributing >50% of the optical flux. As the stellar masses are
derived from the rest-frame colours and magnitudes they will be underestimated (due to
the bluer colours), resulting in an artificial enhancement of the overdensity measure when
compared to optical galaxies with ‘comparable’ stellar masses.
Taken together, the above arguments suggest that the observed enhancement of over-
density for blue (U − B ∼ 0.5) X-ray sources is due to contamination by AGN light,
whereas the enhancement observed in the reddest bin seems to be genuine.
There are 5 objects in the sample (OBJNOs 12007954, 13032337, 11038556,
13040909 and 12020452) which lie off the main distribution in colour-magnitude and
colour-mass space. OBJNO 13040909 is also defined as a QSO when using the criteria
of Coil et al. (2009) [see §4.4.2.1]. These objects also have a median X-ray luminosity of
LX = 8.5× 1043 erg s−1, compared to 4.2× 1042 erg s−1 for the rest of the sample. As these
5.5 Stellar Mass Effects 136
Figure 5.9: Composite HST/ACS F606W/F814W images of the 6 X-ray sources covered
by the ∼0.2 deg2 AEGIS ACS imaging. Three of the six show a definite point source;
one shows a possible point source and the remaining two do not. See text for details.
sources have luminosities an order of magnitude higher than the other X-ray sources they
are likely QSOs, for which the observed optical flux is probably dominated by the AGN
rather than by the host galaxy. Indeed, the HST/ACS images of two of the objects with
available imaging (OBJNOs 12020452 and 13040909) show a bright, blue point source.
To check that AGN contamination is not an issue for the remainder of the sample and
does not affect the other results presented in this chapter, objects which show a obvious
bright and blue point source (as described in §4.4.2.2) are removed from the sample,
together with 5 objects which lie off the main distribution in colour-magnitude and colour-
mass space. Removing these objects greatly reduces the observed difference between
the environments of U − B = 0.5 objects, as expected, with the X-ray hosts residing in
environments which are now nearly consistent with those of the optical galaxies. There
are no other notable effects on the results or conclusions presented in this chapter.
5.5 Stellar Mass Effects
It is known that the stellar mass of a galaxy is correlated with both the rest-frame optical
colour and luminosity of that galaxy (e.g. Figure 4.20; Baldry et al., 2006; Weiner et al.,
2009; Gru¨tzbauch et al., 2011) — this is shown specifically for a DEEP2 selected sample
in Weiner et al. (2009, Figure 10), where a strong correlation between stellar mass and
both rest-frame optical colour and absolute B-band magnitude is observed. It is the strong
relationship between the rest-frame colour and galaxy stellar mass that enables the stellar
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mass to be estimated by using the relationship between the colour/luminosity of a galaxy
and its stellar mass-to-light (M/L) ratio (see §4.3.4; Bell & de Jong, 2001; Zibetti et al.,
2009). It has been found that both redder galaxies and more luminous galaxies have
higher stellar masses than their bluer and fainter counterparts.
In the colour-magnitude diagram, X-ray sources at z ∼ 1 are found to lie mainly on
the red sequence, the top of the blue cloud and the valley in between (e.g. Figure 4.16;
N07; Martin et al., 2007; Silverman et al., 2008; Coil et al., 2009). When using mass-
selected samples Xue et al. (2010) suggest that X-ray AGN and optical galaxies of similar
stellar mass have similar rest-frame optical colours, and it is the preference of X-ray AGN
to inhabit galaxies of higher stellar mass which is causing the clustering on the CMD.
Separating out the effects of stellar mass on galaxy properties can therefore be highly
instructive in determining exactly which effects are due to correlations between quantities
and which are more fundamental.
X-ray sources are generally found in massive galaxies with log(M∗/ M⊙) > 10.5 (e.g.
Figure 4.19; Brusa et al., 2009; Silverman et al., 2009b), in contrast to the mass distribu-
tion of optical galaxies, which span a larger range of stellar masses. This is shown again
in Figure 5.10 for the environment subsamples used in this chapter. In this section the
stellar mass estimates derived in the previous chapter are used to ensure fair comparisons
are made between samples and to understand any differences in the mean environments of
the X-ray sources and optical galaxies, i.e. when accounting for the dependence of rest-
frame colour and luminosity on stellar mass do the X-ray sources still reside in denser
environments.
5.5.1 Stellar Mass and Environment
In Figure 5.11 the mean overdensity estimator, log(1+δ3), is plotted as a function of stellar
mass for the X-ray sources and the 500 randomly selected subsamples of optical galaxies.
There is a general trend where both X-ray sources and optical galaxies of increasing
stellar mass are found in increasingly denser environments (e.g. Cooper et al., 2010). For
galaxies with log(M∗/ M⊙) ≥ 10.5 (the same range of stellar mass as ∼85% of the X-ray
sample) the X-ray sources reside in richer environments than optical galaxies of similar
stellar mass. This is a new and important result of this work and indicates that the fact
that X-ray sources are found in dense environments is not solely a consequence of the fact
that they reside in galaxies of higher stellar mass. There is therefore an intrinsic difference
between the environments of X-ray sources and optical galaxies, in that X-ray sources are
found in regions of enhanced density compared to optical galaxies of equivalent mass.
To calculate the significance of the enhancement, samples of optical galaxies the
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Figure 5.10: Stellar mass distribution for the X-ray and optical galaxy environment sub-
samples used in this chapter. Both distributions have been normalised by the total number
of galaxies in each respective sample. The X-ray sources (red histogram) generally re-
side in host galaxies with log(M∗/ M⊙) > 10.5, whereas the optical galaxies (hatched
histogram) span the full range of stellar masses, from 9 . log(M∗/ M⊙) . 12.
same size as the number of X-ray sources within each bin are randomly drawn from the
parent optical sample and the weighted mean overdensity estimator is calculated. This
is repeated 1000 times, with the number of times that the weighted mean of the optical
sample is equal to or higher than the weighted mean of the X-ray sources in that bin
recorded. The results are shown in Table 5.1, where it can be seen that the enhancement
is most significant at the highest stellar masses. To obtain an estimate of the combined
significance, the number of times that the optical galaxies in all 4 mass bins had mean
overdensity values equal to or higher than that for the X-ray sources in that bin (and
on the same trial) was also recorded. As this did not happen on any of the 1000 runs the
combined significance of the enhanced overdensity for X-ray sources with log(M∗/ M⊙) ≥
10.0 is estimated to be >99.9%.
To determine whether the difference in the environments of X-ray sources and optical
galaxies is due to the observed colour-density relation at z ∼ 1, the mean U − B colour
is calculated for both X-ray sources and optical galaxies for stellar mass bins of width
0.5 dex, with the results shown in Figure 5.12. The 5 objects lying off the main colour-
mass distribution (see above) are removed from this plot as their galaxy colours are likely
affected by light originating from the AGN, and the subsequent derivation of their stellar
masses will similarly be affected. It can be seen that at all stellar masses X-ray sources
and optical galaxies have similar U − B colours. This implies that the enhanced local
density for X-ray sources when compared to optical galaxies of the same stellar mass
(Figure 5.11) is not due to the colour-density relation, as the X-ray sources would then
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Table 5.1: Significance of the enhancement of the overdensity estimator for X-ray
sources when binned by stellar mass. (1): Log of stellar mass; (2): Number of times
(out of 1000) that the weighted mean overdensity of the galaxy sample is higher than that
of the X-ray sources; (3): Significance level
Stellar Mass N Significance
(M∗/ M⊙) (%)
(1) (2) (3)
10.0 251 74.9
10.5 51 94.9
11.0 75 92.5
11.5 25 97.5
have redder colours than optical galaxies of the same stellar mass. This is consistent with
results from Xue et al. (2010) who find that once stellar mass is taken into account X-ray
selected AGN do not have different colours than optical galaxies (also see Figure 4.20)
It is now interesting to see if the trends found in §5.4.2 and §5.4.3 remain the same
when accounting for the stellar mass distribution of the X-ray sources.
5.5.2 Host Absolute Magnitude
To control for the stellar mass distributions of both the X-ray hosts and optical galax-
ies, the number of X-ray sources within MB bins of width 0.5 mag and stellar mass
bins of width log(M∗/ M⊙) = 0.5 are calculated for each combination of magnitude
and stellar mass. The numbers in each bin are then reproduced by randomly select-
ing from the optical galaxies that fulfil that particular criteria (e.g. having both an ab-
solute magnitude within the range −23.5 < MB < −24 and a stellar mass within
9.25 < log(M∗/ M⊙) < 9.75). This is then repeated 500 times and again the mean
log(1 + δ3) values are weighted by the inverse of the maximum volume available to a
particular galaxy, within the limits of the DEEP2 survey. In this way, the optical galaxies
in each MB bin have both similar optical luminosities and stellar masses, removing any
bias induced by the fact that X-ray sources are known to reside in more massive galaxies
than the optically selected population.
In Figure 5.13 the weighted mean overdensity estimator, log(1 + δ3), is plotted as a
function of MB with the optical galaxies randomly selected to match the stellar mass dis-
tribution of the X-ray sources, as described above. From this plot it can be seen that the
fainter X-ray host galaxies (MB > −21 mag) live in similar environments to optical galax-
ies of the same luminosity and stellar mass distribution. For brighter (MB < −21 mag)
objects, the X-ray sources still remain in denser environments than optical galaxies (as
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Figure 5.11: Weighted mean overdensity estimator, log(1 + δ3), as a function of stellar
mass for X-ray sources (red triangles) and 500 randomly selected subsamples of optical
galaxies (black stars). The mean overdensity values and uncertainties are calculated as
for Figure 5.3. The number of X-ray sources in each bin (lowest to highest mass) are:
8, 24, 38 and 25. For both the X-ray sources and the optical galaxies, higher mass
galaxies reside in increasingly denser environments. At stellar masses log(M∗/ M⊙) ≥
10.5 the X-ray sources are found in denser environments than optically selected galaxies
of equivalent stellar mass.
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Figure 5.12: Mean U − B colour as a function of stellar mass for 94 X-ray sources (red
triangles) and 3160 optical galaxies (black stars). The mean colours are accompanied by
1σ standard deviations. Both the X-ray sources and optical galaxies, when accounting
for stellar mass, reside in galaxies of similar optical colours at all stellar masses. Note
that the X-ray sources have been systematically offset to the right of the optical points
for clarity.
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Table 5.2: Significance of the enhancement of the overdensity estimator for bright
(MB < −21 mag) X-ray sources when controlling for MB or both MB and stellar mass.
(1): Absolute B-band magnitude bin; (2): Number of times (out of 1000) that the
weighted mean overdensity of the galaxy sample is higher than that of the X-ray sources;
(3): Number of times (out of 1000) that the weighted mean overdensity of the galaxy
sample is higher than that of the X-ray sources when also controlling for stellar mass;
(4): Significance level; (5): Significance level when also controlling for stellar mass
MB NMB NMB+M∗ Significance (MB) Significance (MB + M∗)
(mag) (%) (%)
(1) (2) (3) (4) (5)
-21.25 33 73 96.7 92.7
-21.75 107 151 89.3 84.9
-22.25 2 0 99.8 >99.9
-22.75 55 113 94.5 88.7
in Figure 5.6), even when their mass is taken into account. This seems to suggest that
the difference between the two is genuinely real — brighter X-ray hosts live in regions
of enhanced galaxy density when compared to optical galaxies of similar mass. To test
the significance of the enhancement observed in the bright (MB < −21 mag) bins, the
procedure described in §5.5.1 is used. The results are shown in Table 5.2, together with
the results obtained by repeating this for the MB matched sample (i.e. without matching in
stellar mass). The combined significance of the enhanced overdensity for X-ray sources
with MB < −21 mag is estimated as above and found to be >99.9%.
5.5.3 U − B colour
To determine whether the results found in section §5.4.3 are a result of stellar mass ef-
fects, the mass distribution of the X-ray sources is accounted for in the same way as in the
previous section. Rest-frame colour bins of width U − B = 0.2 are used, again combined
with stellar mass bins of width log(M∗/ M⊙) = 0.5. Figure 5.14 shows the mean envi-
ronment of the X-ray sources compared to randomly selected optical galaxies with the
same stellar mass distribution. This figure is very similar to Figure 5.7, in that the X-ray
sources are not preferentially associated with regions of enhanced density (compared to
optical galaxies) for galaxies with rest-frame colours 0.6 < U − B < 1.2. Again, at the
reddest (U − B = 1.3) and bluest (U − B = 0.5) colours X-ray sources are found to reside
in richer environments than optical galaxies with similar stellar masses. The distribution
of the measured overdensity estimator values for the red X-ray sources and optical galax-
ies are found to differ at the 96% significance level, whilst those in the bluest bin differ
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Figure 5.13: Weighted mean overdensity estimator, log(1+ δ3), as a function of absolute
B-band magnitude for X-ray sources (red triangles) and 500 randomly selected subsam-
ples of optical galaxies (black stars). Optical galaxies have been selected to match the
stellar mass distribution of the X-ray sources in each bin, as described in the text. The
mean overdensity values and errors are calculated as for Figure 5.3. The number of X-ray
sources in each bin is also given in Figure 5.6. The X-ray sources appear to inhabit simi-
lar environments to the optical galaxies for absolute magnitudes MB > −21 mag, but for
more luminous bins (MB < −21 mag) the X-ray sources reside in denser environments
than the optical galaxies.
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Table 5.3: Significance of the enhancement of the overdensity estimator for X-ray
sources when controlling for U − B or both U − B and stellar mass. (1): Rest-frame
colour (U − B); (2): Number of times (out of 1000) that the weighted mean overdensity
of the galaxy sample is higher than that of the X-ray sources; (3): Number of times (out
of 1000) that the weighted mean overdensity of the galaxy sample is higher than that
of the X-ray sources when also controlling for stellar mass; (4): Significance level; (5):
Significance level when also controlling for stellar mass
(U − B) N(U−B) N(U−B)+M∗ Significance (U − B) Significance [(U − B) + M∗]
(mag) (%) (%)
(1) (2) (3) (4) (5)
0.5 16 16 98.4 98.4
0.7 269 383 73.1 61.7
0.9 62 92 93.8 90.8
1.1 480 474 52.0 52.6
1.3 31 34 96.9 96.6
at the 98% level when performing a K-S test on the distributions of (1 + δ3). Here, the
reader is reminded that the results obtained for the bluest bin are likely affected by AGN
contamination (see §5.4.4). If the absolute magnitude range of the X-ray sources (i.e.
MB < −20.25 mag) is also taken into account, as before, the differences remain at similar
significance. Again, by recording the number of times when the mean overdensity value
for the optical galaxies in a certain bin is equal to or higher than that of the X-ray sources
an estimate of the significance of any enhancement can be made. These results are shown
in Table 5.3, again with the results from considering optical galaxies without matching in
stellar mass also shown.
Looking at the combined significance as before, the weighted mean of the optical
galaxies was not higher than that of the X-ray sources in all five bins in any of the 1000
runs, for both the stellar mass controlled and non-controlled samples. Calculating the
combined significance of the enhancement found in the bluest U − B = 0.5 and reddest
U −B = 1.3 bins as in the previous section results in one trial where the mean overdensity
for the optical galaxies was higher than that for the X-ray sources in both the blue and red
bins, giving a combined significance of 99.9%. If the absolute magnitude range of the X-
ray sources (i.e. MB < −20.25 mag) is also taken into account, as before, the differences
remain significant at similar confidence levels.
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Figure 5.14: Weighted mean overdensity estimator, log(1+δ3), as a function of U−B for
X-ray sources (red triangles) and 500 randomly selected subsamples of optical galaxies
(black stars). Optical galaxies have been selected to match the stellar mass distribution
of the X-ray sources in each bin, as described in the text. The mean overdensity values
and errors are calculated as for Figure 5.3. The number of X-ray sources in each bin is
given in Figure 5.7. X-ray points are plotted if they have four or more sources within
that bin. The X-ray sources inhabit similar environments to the optical galaxies for 0.6 <
U − B < 1.2, but for the reddest and bluest bins (U − B = 1.3; U − B = 0.5) the X-ray
sources reside in richer environments than the optical galaxies.
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5.6 Discussion
5.6.1 Summary of Main Findings
Using a sample approximately twice as large, the results of Georgakakis et al. (2007) are
confirmed, in that X-ray sources at z ∼ 1 reside in denser environments than optically se-
lected galaxies, even when controlling for colour and optical luminosity (albeit with lower
significance). The reddest and bluest AGN are found to be in significantly denser regions
than optical galaxies of the same colour, with the result for the bluest X-ray sources being
strongly affected by light from the AGN, and therefore difficult to interpret. AGN contam-
ination does not affect any other results or conclusions. The most optically luminous host
galaxies (MB < −21 mag) are also found to reside in denser environments than optical
galaxies.
When looking at the variation of environment with X-ray luminosity, the distribu-
tions of the mean overdensity estimator for luminous (log(LX) ≥ 42.75) and lower lumi-
nosity (log(LX) < 42.75) X-ray sources are consistent with being drawn from the same
population. This is echoed in previous studies using 5th nearest-neighbour counts (Sil-
verman et al., 2009a) and work on the clustering amplitude of X-ray selected AGN (Coil
et al., 2009; Starikova et al., 2010). Both sets of studies failed to find any correlation
between X-ray luminosity and either measure of environment at z ∼ 1, consistent with
this work. Turning to X-ray obscuration, again no evidence is found that the obscured
(NH ≥ 1022 cm−2) and unobscured (NH < 1022 cm−2) AGN in the sample are distinct pop-
ulations in terms of their environments. Silverman et al. (2009a) and Coil et al. (2009)
reached similar conclusions using z ∼ 1 samples in zCOSMOS and AEGIS, respectively.
The vast majority (85%) of the X-ray sources reside in host galaxies with stellar
masses log(M∗/ M⊙) ≥ 10.5, consistent with previous studies (e.g. Bundy et al. 2008;
Brusa et al. 2009; Silverman et al. 2009b; Xue et al. 2010). The fact that X-ray selected
AGN reside in denser large-scale structure environments may therefore in principle sim-
ply be ascribed to them being high mass galaxies, which typically live in rich environ-
ments. However, one of the new and most important results of this work is that at all
stellar masses X-ray sources are found to reside in regions of enhanced density than non-
active galaxies of similar mass. This result is significant at a confidence level of >99.9%.
As mentioned above, there is no difference between the colours of the X-ray AGN and
non-active galaxies at fixed stellar mass (Figure 5.12). Consequently, the denser environ-
ments of the X-ray sources at fixed stellar mass (Figure 5.11) cannot be simply due to the
observed colour-density relation at z ∼ 1 (e.g. C06), as the X-ray sources would need to
be redder than similar mass optical galaxies. Finally, it is noted that when accounting for
stellar mass, the enhancement observed is not a constant function of colour or luminosity
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— the enhancement is most significant at the reddest colours, brightest luminosities, and
highest masses, which must provide some clues to the processes causing it.
Here a cautionary note is included, which relates to the fact that DEEP2 is a flux-
limited (RAB < 24.1) survey. Optical selection to RAB ∼ 24 will be strongly biased
against the selection of extrememly red, passive galaxies at z > 1. For example, in the
UKIRT (United Kingdom Infa-red Telescope) Infra-red Deep Sky-Survey, Ultra-Deep
Survey (UKIDSS, UDS Lawrence et al., 2007), it has been found that optical selection to
RAB < 24.1 (as in the DEEP2 survey) misses 75% of luminous (MK ≤ 22.5) red galaxies
at 1 < z < 1.3, compared to 20% of luminous blue galaxies (Chuter et al., 2011). They
also find that at fainter luminosities than this virtually no red/passive galaxies would have
been selected. This means that many very red, passive galaxies will be missing from the
samples. It is noted that as these galaxies are found to live in some of the densest envi-
ronments (e.g. Hartley et al., 2010; Chuter et al., 2011) and a large number of AGN are
found in redder galaxies, not including these objects may have some impact on the results.
However, Bradshaw et al. (2011) studied the environments of 1.0 < z < 1.5 X-ray selected
AGN using a K-selected sample from the UDS, and found X-ray AGN in red/passive hosts
reside in significantly denser environments than passive normal galaxies, as is found here,
which is encouraging.
5.6.2 Interpretation
A possible explanation for the observed preference of X-ray selected AGN to reside in
richer environments than those of optical galaxies, even when controlling for stellar mass,
could come from an enhanced rate of mergers and interactions in these regions. Major
mergers are a mechanism by which large amounts of gas can be channelled to the central
regions of a galaxy via the loss of angular momentum induced by the strong gravitational
torques exerted on the galaxy by these violent events (e.g. Barnes & Hernquist, 1991,
1996; Mihos & Hernquist, 1996). This build up of gas in the nuclear regions can then fuel
accretion onto the SMBH resulting in star-formation and AGN activity (e.g. Di Matteo
et al., 2005; Springel et al., 2005).
Some evidence has been presented to suggest that bright quasars are associated with
the tell-tale signs of major mergers such as tidal tails and close pairs (e.g. Guyon et al.,
2006; Canalizo et al., 2007; Bennert et al., 2008; Hennawi et al., 2010), although a clear
picture has yet to emerge. For X-ray selected AGN however, evidence for the major-
merger scenario is completely lacking. The near-neighbour counts of X-ray selected AGN
hosts in CDFS out to z < 1.35 show no enhancement over non-active galaxies (Grogin
et al., 2005). Pierce et al. (2007) do not find any strong evidence for galaxy interactions
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from the HST/ACS images of 0.2 < z < 1.2 X-ray selected AGN in the Extended Groth
Strip. Confirming these results, Cisternas et al. (2011) concluded there was no evidence
for a major merger–AGN connection at 0.3 < z < 1 in COSMOS, finding 85% of X-
ray AGN lack distorted morphologies, consistent with the non-active population. These
authors also test whether a significant time lag between the merging event and the AGN
activity could explain the lack of excess morphological disturbances, finding this scenario
could be ruled out. X-ray selected AGN host galaxies also show a large fraction of disks
(Georgakakis et al., 2008c; Schawinski et al., 2011) disfavouring the major merger sce-
nario and pointing towards minor interactions being the triggering mechanism. In this
work it is found that the mass-matched samples of X-ray sources and optical galaxies
have similar U − B colours (Figure 5.12) — as the U − B colour approximately traces
the specific star-formation rate (sSFR), one could argue that this also disfavours major
mergers being the reason for the richer environments of the AGN hosts, as mergers would
tend to increase the SFR in addition to fuelling the AGN activity.
Having said the above, there is a possibility that the initial formation of massive black
holes occurred via major mergers in the most massive dark matter haloes (1012−1013 M⊙),
producing the most luminous quasars (e.g. Bonoli et al., 2009). The X-ray AGN we
are seeing could then be the less luminous descendants of these objects, observed some
time after the merger event when the accretion rate is declining and they are no longer
detected as optical quasars but as X-ray sources, or, when minor interactions in these
dense environments reactivate the black hole, producing lower luminosity AGN. In this
case, similar mass galaxies in less dense environments would then have much lower mass
black holes and consequently less AGN activity, on average. In addition, the lack of close
pairs found for AGN hosts may not be too surprising — some fraction of these objects
may be in post-merger systems, with theoretical work predicting that the excess of small-
scale clustering due to major mergers falls to zero <500 Myr after the merging event (e.g.
Wetzel et al., 2009).
It may indeed be that minor mergers or galaxy interactions are the primary triggering
mechanism of AGN activity for X-ray selected AGN — simulations by Hopkins & Hern-
quist (2006) have shown that minor interactions or bar instabilities could provide fuel for
nuclear activity, producing lower-luminosity AGN, such as Seyferts. Georgakakis et al.
(2008c) looked at HST/ACS images of 0.4 < z < 0.9 X-ray selected AGN finding no
evidence for recent/ongoing major mergers, as 50% of their sample are found in spiral
galaxies. Due to the higher asymmetry of the X-ray sources they conclude minor inter-
actions may play a role. Looking at this in more detail, Georgakakis et al. (2009) found
25–34% (by number density) of their AGN were in disk galaxies, supporting minor inter-
actions or internal instabilities providing the fuel for AGN activity (e.g. Hernquist, 1989;
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Hernquist & Mihos, 1995; De Robertis et al., 1998), as disks are expected to be destroyed
in major mergers (e.g. Barnes & Hernquist, 1996). They note that the circumstances under
which the disk can survive these events (see Hopkins et al., 2009) are not expected to be
conducive to substantial AGN fuelling (see Hopkins & Hernquist, 2009). They also find
that the Hopkins & Hernquist (2006) model underpredicts the number of high luminosity
(>1044 erg s−1) AGN that are observed in disk galaxies, suggesting minor interactions may
be more efficient at producing AGN activity than current model predictions.
In the group-scale environment galaxy interactions become more common due to the
higher number density, and are more efficient at channelling gas to the central regions
of galaxies to fuel nuclear activity due to the lower velocity dispersions involved in the
collisions. Also, in the highest density regions such as clusters, external factors such
as ram-pressure stripping act to remove cold gas, the fuel for nuclear activity, from the
outer regions of the galaxy thereby inhibiting AGN activity. In DEEP2 the ‘dense’ re-
gions referred to are intermediate-mass group-like systems as more massive, cluster-like
systems are not found in the DEEP2 survey (see Gerke et al., 2005) — cluster-specific
processes should therefore not be acting to remove the cold gas to any significant degree.
In addition, if small-scale effects, such as galaxy harassment (e.g. Moore et al., 1996) and
tidal effects (e.g. Larson et al., 1980), can fuel AGN activity in the group environment,
this would not result in an increase of near neighbour counts or significantly disturbed
morphologies, consistent with observations.
Another possibility is that as X-ray AGN are more likely to be found in massive dark-
matter haloes (i.e. groups) at z ∼ 1, even when accounting for host galaxy properties (e.g.
Coil et al., 2009), there may be something about higher mass haloes which promote AGN
activity. This could plausibly be the higher amount of hot gas available in the potential
well of these massive haloes. This hot gas could cool at small nuclear radii enabling
the fuelling of the AGN; star-formation could also occur depending on the amount of
gas that cools and how quickly it is reheated by AGN feedback. This scenario would be
generally consistent with observations which show that some quasar hosts exhibit recent
star-formation (e.g. Letawe et al., 2007; Jahnke et al., 2007), and that X-ray AGN are
found in both red and blue galaxies (e.g. Coil et al., 2009), also showing an incidence of
post-starburst spectra (e.g. Georgakakis et al., 2008c).
X-ray selected AGN have also been found to reside preferentially in groups at z ∼
1 (Georgakakis et al., 2008a), but the statistical significance of this result is relatively
modest when optical colour and luminosity effects are accounted for. Similarly, at lower
redshifts (z ∼ 0.3) Miyaji et al. (2011) found RASS X-ray AGN were more likely to be
found in the group environment than in clusters. Coil et al. (2009) found X-ray AGN in
the EGS had clustering lengths similar to red/green galaxies, also finding that they were
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more likely to be found in groups than galaxies of the same optical luminosity and colour,
significant at the 2.8σ level. These results are consistent with this work in that when
matching in colour and luminosity there is still a tendency for X-ray sources to reside
in regions of higher density (i.e. the group environment) than non-active galaxies. This
may be due to the environment itself, in that mergers/interactions preferentially occur in
these group-like environments resulting in a higher number of successful AGN triggering
events, or, it may be that the galaxies in these environments have certain properties (apart
from colour, luminosity and stellar mass) which are conducive to the triggering of AGN
(e.g. residing in more massive dark-matter haloes).
5.7 Summary
In this chapter third nearest neighbour counts are used to investigate the environments
of X-ray selected AGN in the AEGIS. Previous results have been confirmed, in that X-
ray sources are found to reside in denser environments than optical galaxies, even when
controlling for both colour and optical luminosity. No correlation is found between the
mean overdensity estimator and either X-ray luminosity or obscuration, as measured from
the X-ray spectra.
The new and most important result of this study is that X-ray sources are found in
denser environments than optical galaxies of equivalent stellar mass. When controlling for
the stellar mass distributions of the X-ray sources and optical galaxies, the X-ray sources
with red colours (U − B ∼ 1.3) are found in denser environments than optical galaxies
at 96% confidence. Results for the bluest X-ray sources are expected to be affected by
contamination by the AGN. For galaxies with MB < −21 mag, X-ray sources are found in
richer environments than optical galaxies of the same stellar mass distribution.
As X-ray sources and optical galaxies are found in galaxies of similar colours at fixed
stellar mass, these results suggest it is not the observed colour-density relation at z ∼ 1
that is driving the difference in environment between the two. It seems there is a more
fundamental reason — one possibility is that there is an increased probability of minor
mergers/interactions and/or milder environmental processes (such as galaxy harassment)
which could trigger AGN activity in the group-like environments found in AEGIS, where
cold gas availability has not been affected as in the cluster environment. Another is that
as AGN are more likely found in higher mass haloes, which are filled with hot gas —
this additional fuel supply could feed the central black hole resulting in enhanced AGN
activity.
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Chapter 6
Summary
This thesis has presented an investigation into the effect of environment on AGN activity
at high redshift. To accomplish this, the environments of AGN have been studied from
two complementary perspectives. The first was to use various observations of a specific
large scale structure at z = 2.3 (i.e. the protocluster in HS 1700+64) to determine the level
of AGN activity in this dense environment compared to that of the field. The second was
to study the average environments of a large sample of z ∼ 1 X-ray selected AGN over a
large survey area (AEGIS; 0.5 × 2 deg) using the nth nearest neighbour approach.
Chapter 3 first presented the results of spectroscopic, narrow-band and X-ray observations
of the z = 2.3 protocluster in the field of the QSO HS 1700+643. These show that AGN
activity is generally enhanced over that expected from the field. More specifically:
• There is evidence for an enhancement of emission-line BX/MD selected AGN in
this protocluster, significant at ∼98.5 per cent confidence when compared to a sim-
ilarly selected field sample from GOODS-N.
• There is evidence for an enhancement of X-ray detected BX/MD galaxies, signif-
icant at the ∼99 per cent confidence level, when using a field sample constructed
from the GWS and CDF-N.
• Using a control sample of z = 3.1 LAEs from the ECDF-S, it is found that the
X-ray emitting LAE fraction in the HS 1700+64 protocluster is not found to be
significantly enhanced over that of the field (result significant at only 87 per cent
confidence). Also, no X-ray emitting LABs are detected in this protocluster, unlike
in the higher redshift protocluster in the SSA 22 field, although the results from
both studies are found to be consistent within the errors.
Chapter 4 described the data used to construct samples of X-ray sources and optical galax-
ies in the GOODS and AEGIS fields. The sample selection is then detailed along with the
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methodology used to calculate the rest-frame U − B colours, absolute B-band magnitudes
and stellar masses of the samples. The properties of the X-ray sources are subsequently
compared to those of the optically selected (i.e. non-active) galaxies and the results dis-
cussed. In more detail, the main results were:
• In the CMD, X-ray sources are found to inhabit bright (MB . −20.5 mag) host
galaxies which lie at the top of the blue cloud, in the green valley and on the red
sequence.
• A higher fraction of red/green X-ray host galaxies harbour obscured AGN than the
blue X-ray host galaxies, and the most obscured sources are more likely to be found
in red/green host galaxies than blue. Similar results have been found previously
(e.g. Rovilos & Georgantopoulos, 2007; Coil et al., 2009).
• High and low X-ray luminosity sources are found in host galaxies with similar rest-
frame colour distributions.
• Higher redshift X-ray sources reside in hosts with bluer colours than the lower
redshift sources, as found in previous studies (e.g. Silverman et al., 2008)
• At 0.6 < z < 1.4 X-ray sources are generally found in host galaxies with
log(M∗/ M⊙) ≥ 10.5 (87% of sample).
Chapter 5 presented a study of the local environment of the z ∼ 1 X-ray sample in AEGIS,
which was constructed in Chapter 4. The 3rd nearest neighbour approach was utilised to
estimate the local galaxy density in the vicinity of a galaxy. The average environment of
this X-ray sample is compared to that of the optically selected galaxies, controlling for the
rest-frame optical (U − B) colour, stellar mass and optical luminosity of the host galaxies.
The main results are as follows:
• X-ray sources are found to reside in denser environments than optical galaxies at
>99% confidence, reducing to 91% confidence when controlling for both rest-frame
U − B colour and optical luminosity.
• The X-ray luminosity (LX) and X-ray obscuration (NH) distributions indicate no
correlation with the mean overdensity estimator, (1 + δ3), similar to previous work
(e.g. Silverman et al., 2009a; Coil et al., 2009; Starikova et al., 2010)
• A new and important result of this thesis is that X-ray sources are found to reside in
regions of enhanced density than non-active galaxies of equivalent mass — this is
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not due to the observed colour-density relation at z ∼ 1 as there is no difference be-
tween the colours of the X-ray AGN and non-active galaxy samples at fixed stellar
mass.
• When matching in stellar mass, X-ray host galaxies with blue colours (U−B ∼ 0.5;
significance 98%) and red colours (U−B ∼ 1.3; significance 96%) are still found in
denser environments than optical galaxies of the same colour, although the observed
enhancement for the bluest X-ray host galaxies is very likely due to contamination
by the AGN, whereas is genuine for the red host galaxies.
• Similarly, X-ray sources with MB < −21 mag are found to be in denser environ-
ments than optical galaxies of the same stellar mass and optical luminosity distri-
bution.
The results of the study presented in Chapter 5 show that the fact that AGN are found in
rich environments cannot simply be ascribed to AGN being found in massive host galaxies
which, in turn, reside in dense environments. It seems there is a more fundamental reason
— one possibility is that there is an increased probability of minor mergers/interactions
and/or milder environmental processes (such as galaxy harassment) which could trigger
AGN activity in the group-like environments found in AEGIS, where cold gas availability
has not been affected as in the cluster environment. Another is that as AGN are more
likely found in higher mass dark matter haloes, there could be some property (e.g. the
amount of available hot gas) of massive dark matter haloes which is conducive to the
triggering of AGN activity.
There are many possible ways in which future studies can build on the results presented
herein. For instance, as there are only very limited numbers of robustly established
high-z protoclusters (e.g. HS 1700+64; SSA 22; HS 1549), a study of a large sample
of these structures could confirm the recent finding that there is an excess of AGN activ-
ity in these dense regions. To accomplish this, galaxy surveys using future near-infrared
spectrographs, such as FLAMINGOS-2 on GEMINI-South, are needed to first identify
large numbers of protoclusters at z > 2. FLAMINGOS-2 will have a resolving power of
R ∼ 1300 (in JHK) over a large (6′ × 2′) FOV in the low-resolution mode, approximately
a factor of 6 greater than HST/NICMOS. Another advantage is that the multi-object mode
on this spectrograph could also obtain spectra for many tens of objects simultaneously,
allowing protoclusters to be detected with much greater ease. These protoclusters could
then be followed up by pointed X-ray observations, using, for example, the International
X-ray Observatory (IXO). Similarly, although the environment of AGN has been studied
at z ∼ 1, the advent of large near-IR surveys probing z > 2 (such as CANDELS) combined
with near-IR spectroscopy and subsequent follow up by sensitive X-ray observations with
154
IXO, could enable the environment of z ∼ 2 AGN to be studied to determine the situation
at earlier cosmic times.
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